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Behind every life-changing solution is an 
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who proved an idea in the lab and dared 
to carry it out in the world. 


To encourage more scientists to translate their 
research, Biolnnovation Institute (BII) and 
Science present a new annual award. 


Our three winners will have their essays published 
in Science magazine and will be invited into 
BII’s entrepreneurial ecosystem. In addition, 
the Grand Prize winner will receive a prize 
of USD 25,000, and each runner-up 

will receive USD 10,000 at a grand award 
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Apply before November 1, 2022. 
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EDITORIAL 


Protect the vulnerable from monkeypox 


ecent declines in monkeypox infections have 
elicited comments such as “cautiously optimis- 
tic” and “we're turning a corner.” Indeed, this 
trend in large cities in the United States and 
Europe, as well as a global decline in new cases 
of 21% (according to the World Health Orga- 
nization), is encouraging. However, if we don’t 
prioritize and protect the most vulnerable popula- 
tions, the outbreak will not end any time soon. 

Since May 2022, monkeypox has rapidly spread to 102 
countries, with over 50,000 cases globally. Despite gain- 
ing international attention recently, the virus has rav- 
aged West and Central Africa for many decades. Warning 
signs were ignored and as a result, the world knows 
little about the pathogen’s biology and the potential of 
vaccines and antiviral treatments to contain its spread. 

Cases of monkeypox show a strik- 
ing parallel with HIV. Widespread, 
rapid transmission of both viruses 
first occurred in sexual networks of 
gay, bisexual, and other men who 
have sex with men (GBMSM). How 
should we balance a pressing re- 
search agenda for monkeypox while 
safeguarding the populations most 
at risk? 

Engaging vulnerable communi- 
ties early is an important lesson 
from the HIV epidemic. In Atlanta, 
Georgia, where I provide care to pa- 
tients with monkeypox, 67% of cases 
have been persons living with HIV, and a notable 71% 
are Black GBMSM. Only 46% of vaccine doses admin- 
istered in Georgia have gone to Black GBMSM, who 
are clearly the most highly affected group. The fear of 
reliving the stigma and uncertainties experienced in 
the early days of the HIV epidemic is palpable in al- 
most every monkeypox patient I’ve encountered. Jus- 
tified concerns about equitable access to treatments 
and vaccines among minority groups compound these 
fears. Also evident is the fierce desire of individuals 
to protect their community. Empowering them to do 
so requires allowing community members to lead con- 
versations on what should be prioritized and how best 
to engage with citizens to ensure their needs are met. 

As with other infectious diseases like HIV and 
COVID-19, a one-size-fits-all approach will likely not 
be effective. Interventions may affect the spread of 
monkeypox in GBMSM networks differently than in 
other communities. In West and Central Africa, virus 


“What about 
equitable access 


to the fruits 
of monkeypox 
research?” 


transmission (following an animal-to-human zoonotic 
jump) has mainly been among young children and 
women who serve as primary caregivers. Thus, tailor- 
ing communication to the needs of specific communi- 
ties is essential. For example, there has been public 
health hesitation in highlighting the important role of 
transmission through sexual contact in ongoing out- 
breaks. Acknowledging the role of sex in the spread 
of monkeypox among GBMSM is not stigmatizing but 
rather allows individuals to better evaluate their own 
risk and ways to help mitigate it. 

During the early years of the HIV epidemic, stigma 
and discrimination against GBMSM stifled research in 
targeted prevention. Failure of policies to address HIV 
were blamed on this community, further ostracizing 
them. The same is happening with monkeypox today. 
The lesson learned from HIV is 
that legislation, policy, and funding 
are needed that protect vulnerable 
communities from stigma. Laws 
that criminalize homosexuality in 
some countries in West and Cen- 
tral Africa, for example, will make 
it challenging to conduct studies 
aimed at understanding monkey- 
pox spread in GBMSM social and 
sexual networks. 

The need to safeguard vulnerable 
groups must be balanced with the 
risk of overprotecting them. For 
example, the exclusion of young 
children and pregnant persons from vaccine and drug 
studies for their “protection” often results in insuf- 
ficient data on interventions that could be beneficial 
to them. What about equitable access to the fruits of 
monkeypox research? In the past 3 months, the rollout 
of vaccines and investigational treatments for monkey- 
pox almost exclusively occurred in North America and 
Europe. Yet much of what is known about the virus is 
informed by research in Africa on African populations. 
Participation in research has not guaranteed access to 
interventions in a time of crisis. This has to stop. 

The health disparities seen during the spread of 
HIV prevailed during the COVID-19 pandemic and are 
again apparent with monkeypox. Unless vulnerable 
populations become an integral part of tackling mon- 
keypox globally, from research participation to access- 
ing interventions, the world will likely make the same 
mistakes again. 

—-Boghuma Titanji 


Boghuma Titanjji 

is an assistant 
professor in the 
Division of Infectious 
Diseases, Emory 
University School of 
Medicine, Atlanta, 
GA, USA. btitanj@ 
emory.edu 
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_ “Exoplanet HIP 65426'b 


_| Wavelength: 
| 3 micrometers (um) 


An exoplanet was imaged at various wavelengths (insets); the white pentagram marks the parent star. 


Webb telescope snaps its first exoplanet 


he James Webb Space Telescope has taken its first images of a 

planet beyond our Solar System, opening a new chapter in the 

discovery and study of exoplanets. The young gas giant, seven 

times the mass of Jupiter, is captured still glowing hot after its 

formation, its infrared radiation having traveled 350 light-years 

to reach Webb’s gold-plated mirrors. Webb relied on an optical 
mask to block the overwhelming glare of the star and image the planet, 
HIP 65426 b, at multiple infrared wavelengths, astronomers reported 
in a preprint. About 20 other exoplanets have been imaged directly, 
though telescopes on Earth and in space. But Earth’s atmosphere blocks 
most infrared light from reaching telescopes on the ground. Webb, with 
its large mirror, state-of-the-art sensors, and no blurring atmosphere, 
is expected to see many more exoplanets, including smaller ones down 
to the size of Saturn or Neptune. Researchers hope Webb’s images will 
help them understand how and where such planets form. 
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Luciano Evaristo, former chief inspection officer of Brazil’s environmental law 
enforcement agency, in The Washington Post, about people charged with deforesting the Amazon. 
Observers also decry a lack of inspectors and indifference by the national government. 


Next U.K. PM a cipher on science 


POLiITics | U.K. scientists expressed 
unease this week after the country’s 
Conservative Party chose Liz Truss as the 
next prime minister. Truss, who served as 
foreign secretary under outgoing leader 
Boris Johnson, has said little about research. 
Her proposed fiscal policy favors innovation, 
but she has not spoken in favor of Johnson’s 
goal of doubling government spending on 
research, and may alter spending plans 
made by Johnson’s government. Also in 
question is the United Kingdom’s partici- 
pation in Horizon Europe, the European 
Union’s 7-year, €95 billion science funding 
scheme, given Truss’s hard-line stance on 
Brexit disagreements with Europe. Unlike 
some of her fellow Conservatives, she has 
not denied climate science, but she has 

not indicated strong support for action to 
achieve the country’s emissions targets. 


Earliest known amputation found 


ARCHAEOLOGY | In acave on the island 
of Borneo containing some of the earliest 
known cave art made by our species, scien- 
tists have uncovered evidence of a surgical 
amputation from about 31,000 years ago. 
The nearly complete skeleton of a Homo 
sapiens individual was found missing the 
lower half of their left shin and foot. Bony 
growth fused together the tibia and fibula, 
indicating the individual, estimated to have 
been in their early 20s when they died, sur- 
vived for several years after losing the limb. 
The clean cut line along the bone, as well 
as the absence of crush marks that would 
indicate an animal attack or some other 
traumatic accident, suggest the lower limb 
was removed using sharp tools, the research- 
ers report this week in Nature. 


Chile nixes science-heavy charter 


POLiTics | To the dismay of many scien- 
tists in Chile, nearly two-thirds of voters on 
4 September rejected a draft constitution 
that would have supported research, envi- 
ronmental policies, and Indigenous rights. 
The document would have guaranteed scien- 
tists freedom of research; it also directed the 
government to strengthen the development 
of research and take action on the climate 
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and biodiversity crises. Last month, more 
than 1200 scientists endorsed the draft, and 
both sides of the political spectrum backed 
many of the science provisions. But the 
proposal also drew criticism that it would 
steer Chile too sharply to the left by calling 
for a more egalitarian society, gender parity, 
and universal health care. 


Gift funds pandemic treatments 


INFECTIOUS DISEASES | Inspired by the 
record-fast creation of messenger RNA 
vaccines that blunted COVID-19’s impact, a 
philanthropist is providing AU$250 million 
($172 million) over 20 years to bring similar 
alacrity to the development of therapeutics 
during future pandemic threats. Geoffrey 
Cumming, who made a fortune in oil and 
gas, is putting up what is believed to be the 
largest gift to medical research in Australia 
to launch the Cumming Global Center for 
Pandemic Therapeutics at the University of 
Melbourne. It aims to create pharmaceuti- 
cal platforms that could be used to rapidly 
develop monoclonal antibodies and other 
antiviral treatments to counter a new patho- 
gen. Some scientists have argued that more 
lives could have been saved had an effective 
COVID-19 treatment quickly become avail- 
able before the vaccines were tested and 
authorized at the end of that year. 
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COVID-19 saps U.S. longevity 


PUBLIC HEALTH | COVID-19 sent 
Americans’ life expectancy plummeting in 
2020 and 2021, in the largest 2-year drop 
in the past 100 years, the U.S. Centers for 
Disease Control and Prevention (CDC) said 
last week. Among racial groups, Native 
Americans and Alaska Natives saw the big- 
gest decline, from an average of about 

72 years in 2019, before the pandemic 
started, to roughly 65 years in 2021—the 
same as the overall U.S. life expectancy in 
1944. For all Americans, life expectancy in 
2021 was just over 76 years, a drop of nearly 


Indigenous groups see biggest drop 


Life expectancy fell sharply for Native Americans and Alaska Natives, 
despite an active campaign to vaccinate them against COVID-19. 
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PHYSIOLOGY 
Lung cells give yaks 
a high-altitude edge 


n Tibet’s thin, low-oxygen 

air, 800-kilogram yaks 

have no trouble sprinting at 

4O kilometers per hour. Now, 

scientists have discovered a 
special kind of cell in their lungs 
that may enable these oxlike 
animals to thrive in the harsh 
conditions by helping them 
use oxygen more efficiently. 
Researchers have long known 
that certain yak genes and 
physiological adaptations, such 
as large hearts and lungs, might 
increase their fitness at high 
altitudes. This week in Nature 
Communications, the research 
team reports finding cells in the 
lining of yak lung blood vessels 
with genes—including two linked 
to high-altitude fitness—that 
are more active than in similar 
cells in cattle, which live at 
lower altitudes. 


awe 


3 years from 2019 and the lowest since 1996. 
Other causes of the decline included acci- 
dents, heart disease, and suicide, CDC said. 


La Nifia scores a triple 


METEOROLOGY | The La Nifia weather 
pattern is likely to last through the end 

of the year, the first time this century 

it will have persisted through three 
Northern Hemisphere winters, the World 
Meteorological Organization said last 
week. La Nifia is marked by cool surface 
waters in the eastern tropical Pacific Ocean 
and is the opposite number to the warm- 
ing trend known as an El 
Nino. The effects of La Nina 
are global: It increases the 
chances for drought in the 
U.S. South and the Horn 

of Africa, which is cur- 
rently experiencing a severe 
one. La Nifia also tends 

to deliver more rain to 
Australia and South Asia— 
a factor in recent flooding 
in Pakistan, for example. 
Climate models suggest La 
Nifia and El Nifo events 
US. will both become more 
frequent and intense with 
global warming. 


Indigenous 
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Wendelstein 7-X’s 
complex geometry was a 
nightmare to build but, when 


Y fired up, worked from the start. 


Twisty device explores alternative path to fusion 


Revamped German stellarator should run longer, hotter and compete with tokamaks 


By Daniel Clery 


s the search for fusion energy, long domi- 
nated by doughnut-shaped devices called 
tokamaks, about to undergo a shape 
shift? Just as ITER, the world’s largest 
tokamak—and at tens of billions of dol- 
lars the most expensive—nears comple- 
tion in the hills of southern France, a much 
smaller testbed with a twistier geometry will 
start throttling up to full power in Germany. 

If the 16-meter-wide device, called a stel- 
larator, can match or outperform similar- 
size tokamaks, it could cause fusion 
scientists to rethink the future of their 
field. Stellarators have several key ad- 
vantages, including a natural ability to 
keep the roiling superhot gases they 
contain stable enough to fuse nuclei 
and release energy. Even more crucial 
for a future fusion power plant, they can 
theoretically just run and run, whereas 
tokamaks must stop periodically to reset 
their magnet coils. 

In runs of a few seconds, the 
€1 billion German machine, dubbed 
Wendelstein 7-X (W7-X), is already get- 
ting “tokamak-like performance,’ says 
plasma physicist David Gates, prov- 
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ing adept at preventing particles and heat 
from escaping the superhot gas. If W7-X 
can achieve long runs, “it will be clearly in 
the lead,’ he says. “That’s where stellarators 
shine.” Theorist Josefine Proll of the Eind- 
hoven University of Technology is equally 
enthusiastic: “All of a sudden, stellarators 
are back in the game.” The encouraging pros- 
pects are inspiring a clutch of startup com- 
panies, including one for which Gates is now 
leaving Princeton Plasma Physics Laboratory, 
to develop their own stellarators. 

W7-X has been operating since 2015 at 


Wendelstein 7-X’s twisting inner 
surface is now water cooled, enabling longer runs. 


the Max Planck Institute for Plasma Phys- 
ics (IPP) in Greifswald, Germany, but only 
at relatively low power levels and for short 
runs. Over the past 3 years, W7-X’s creators 
stripped it down and replaced all the inte- 
rior walls and fittings with water-cooled 
versions, opening the way to much longer, 
hotter runs. At a W7-X board meeting last 
week, the team reported that the revamped 
plasma vessel has no leaks and is ready to go. 
It is expected to restart later this month, on 
its way to showing whether it can truly get 
plasma to conditions that, in a future device, 
would ignite fusion. 

Both stellarators and tokamaks cre- 
ate magnetic cages for gas at more than 
100 million degrees Celsius, so hot it 
would melt any metal container. Heating 
is provided by microwaves or high en- 
ergy particle beams. The outlandish tem- 
peratures produce a plasma—a roiling 
mix of separated nuclei and electrons— 
and cause the nuclei to slam together 
with such force that they fuse, releas- 
ing energy. A fusion power plant would 
be fueled with a mix of the hydrogen 
isotopes deuterium and tritium, which 
react most readily. Research machines 
like W7-X that aren’t trying to generate 
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energy avoid radioactive tritium and stick to 
safer, more plentiful hydrogen or deuterium. 

To make their plasma-confining magnetic 
fields, tokamaks and stellarators employ 
electromagnetic coils looping around the 
vessel and through the central hole. But such 
a field is stronger nearer the hole than the 
outer edge, causing plasma to drift to the re- 
actor’s wall. 

Tokamaks tame the drift by making the 
plasma flow around the ring. That streaming 
generates another magnetic field, twisting 
the ionized gas like a candy cane and steady- 
ing it. Stellarators use weirdly shaped mag- 
netic coils instead of streaming plasma to 
produce the twist. The tokamak scheme has 
long proved the more successful at holding 
plasma in place, but once plasma physicists 
had supercomputers powerful enough, they 
could tweak the complex geometries of stel- 
larator magnets to improve confinement, a 
process called optimization. 

W7-X is the first large, optimized stellara- 
tor and contains 50 bizarrely twisted super- 
conducting coils, each weighing 6 tons. Its 
construction, begun in the mid-1990s, was 
tortuous, completed 10 years late and cost- 
ing almost twice the €550 million originally 
budgeted (Science, 23 October 2015, p. 369). 

Despite the wait, researchers haven't 
been disappointed. “The machine worked 
immediately,’ says W7-X director Thomas 
Klinger. “It’s a very easy-going machine. [It] 
just did what we told it to do.” This con- 
trasts with tokamaks, which are prone to 
“instabilities’—the plasma bulging or wob- 
bling in unpredictable ways—or more violent 
“disruptions,” often linked to interrupted 
plasma flow. Because stellarators don’t rely 
on plasma current, that “removes a whole 
branch” of instabilities, says IPP theorist 
Sophia Henneberg. 

In early stellarators, the geometry of the 
magnetic field caused some slower moving 
particles to follow banana-shaped orbits 
until they collided with other particles and 
got knocked out of the plasma, leaching out 
energy. W7-X’s ability to suppress that effect 
means its “optimization worked as it was 
supposed to,” Gates says. 

With this Achilles heel removed, W7-X 
mostly loses heat through other forms of 
turbulence—little eddies that push particles 
toward the wall. Simulating turbulence takes 
serious computing power, and theorists have 
only recently got a handle on it. W7-X’s up- 
coming campaign should validate the simu- 
lations and test ways to combat turbulence. 

The campaign should also showcase a 
stellarator’s ability to run continuously, in 
contrast to the pulsed operation of a toka- 
mak. W7-X has already operated for runs of 
100 seconds—long by tokamak standards— 
but at relatively low power. Not only were 
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its components uncooled, but the device’s 
microwave and particle heating systems 
could only deliver 11.5 megawatts of power. 
The upgrade will boost the heating power 
by 60%. Running W7-X at high tempera- 
ture, high plasma density, and for long runs 
will be the real test of stellarators’ poten- 
tial for producing fusion power. An initial 
aim, Klinger says, is to get the ion temper- 
ature up to 50 million degrees Celsius for 
100 seconds. That would put W7-X “among 
the leading machines in the world,” he says. 
Then, the team will push it for longer, up to 
30 minutes. “We’ll go step by step, exploring 
uncharted territory,’ he says. 

W7-X’s achievements have prompted 
venture capitalists to back several startups 
developing commercial power-producing 
stellarators. First priority for the startups: 
Find a simpler way to make the magnets. 

Princeton Stellarators, founded this year 
by Gates and colleagues, has secured $3 mil- 
lion and is aiming to build a demonstration 
reactor that will forgo the twisted magnet 
coils of W7-X. Instead, it will rely on a mosaic 
of about 1000 tiny square coils made of high- 
temperature superconductor (HTS) on the 
outside surface of the plasma vessel. By vary- 
ing the magnetic field produced by each coil, 
operators will be able to change the shape of 
the applied field at will. “It takes complexity 
out of the coils and puts it in the control sys- 
tem,” Gates says. The firm hopes to initially 
develop a reactor that will fuse just cheap, 
abundant deuterium, to generate not power, 
but neutrons for manufacturing radio- 
isotopes. If successful, the firm will then aim 
for a power-producing reactor. 

Renaissance Fusion, based in Grenoble, 
France, has raised €16 million and plans to 
coat segments of the plasma vessel in a multi- 
layered HTS, forming a uniform coating. 
Then, using a laser, engineers will burn off 
tracks within the superconductor to etch a 
twisting pattern of magnet coils. They aim 
to make a meter-long test segment over the 
next 2 years and a full prototype by 2027. 

A third firm, Type One Energy in Madi- 
son, Wisconsin, received U.S. Department 
of Energy funding to develop HTS cables 
with enough bend to be used in stellarator 
magnets. The company would sculpt pieces 
of metal with computer-controlled etching 
machines, carving twisting channels into 
which the cable is wound to turn it into a 
coil. “Advanced manufacturing technology 
opens the door for the stellarator,’ says co- 
founder David Anderson of the University of 
Wisconsin, Madison. 

Anderson says the next phase of W7-X’s 
operation will accelerate the boom in stel- 
larator efforts. “With half-hour discharges, 
you're essentially steady-state,” he says. “This 
is a big deal.” 


FUNDING 


New tech law 
offers billions 
for research 


CHIPS act will fund 
microelectronics innovation 
and training through 

large partnerships 


By Jeffrey Mervis 


ost of the $280 billion in a new law 

to strengthen the U.S. semiconduc- 

tor industry and keep the country 

ahead of China in technology is a 

5-year promise, not a reality. But 

along with the aspirational spend- 
ing, the recently passed CHIPS and Science 
Act commits some $13 billion right now for 
research and training in microelectronics. 
And U.S. universities are now forming large 
coalitions with companies and local govern- 
ments in order to be ready to compete for 
the money as soon as a trio of federal agen- 
cies announces its plans. 

“No sane university with a strong inter- 
est in microelectronics is sitting this out,” 
says Jestis del Alamo, professor of electrical 
engineering at the Massachusetts Institute 
of Technology (MIT), which is involved 
with several such partnerships. 

The act, signed into law on 9 August, 
funnels $11 billion over 5 years to the U.S. 
Department of Commerce to create a Na- 
tional Semiconductor Technology Center 
(NSTC) and a national advanced packaging 
manufacturing program. Another $2 bil- 
lion will go to the Department of Defense 
(DOD) for a microelectronics commons, a 
national network of university laboratories 
to develop prototypes for the next genera- 
tion of semiconductor technologies. 

Both initiatives “are aimed at the 
dearth of lab-to-fab facilities,’ referring 
to university laboratories that develop 
new technologies to be incorporated into 
semiconductor fabrication plants, or fabs, 
says Philip Wong, an electrical engineer at 
Stanford University who heads its nano- 
fabrication center. In addition, the Na- 
tional Science Foundation (NSF) is getting 
$200 million over 5 years for education and 
workforce training in microelectronics. 

“The [research and training] pipeline 
is just as important as the fabs, although 
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it doesn’t get nearly as much attention,” 
says Lisa Su, CEO of chipmaker AMD anda 
member of the President’s Council of Advi- 
sors on Science and Technology (PCAST). 
She calls the new law “a _ once-in-a- 
generation ... opportunity to fill the pipe- 
line with the next generation of semi- 
conductor technologies.” 

A PCAST report due out this month will 
recommend NSTC spend 30% to 50% of its 
budget on fundamental research across a 
range of fields in microelectronics, from 
new materials and energy efficient com- 
puting to improved security and health 
care applications. And “a skilled work- 
force is a prerequisite for everything,” says 
PCAST member Bill Dally, senior vice pres- 
ident for research at NVIDIA. “We need to 


| 
New York-based Global Foundries makes high-performance chips. 


do a lot of things to retain our leadership 
in semiconductors, and all of them require 
talented people.” 

Two large industry-academic-government 
partnerships are regarded as the leading 
contenders for NSTC: the American Semi- 
conductor Innovation Coalition (ASIC), 
spearheaded by IBM and New York’s Al- 
bany Nanotech Complex; and the Semi- 
conductor Alliance, which features Intel, 
Micron, and the MITRE Corporation. Both 
groups boast a roster of academic heavy- 
weights. MIT, the Georgia Institute of 
Technology, and Purdue University are 
members of ASIC, whereas Stanford and 
the University of California (UC), Berke- 
ley, are closely aligned with the Alliance. 
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Although New York, Virginia, and Texas 
politicians have proposed their states as 
hosts, insiders say the center is more likely 
to be a network of existing facilities spread 
across the country than a single edifice. 
The center’s to-do list includes funding 
multimillion-dollar upgrades to existing 
fab labs at dozens of universities and pro- 
viding researchers access to a kind of stan- 
dard workbench to lower the cost of testing 
and prototyping new chip technologies. 
NSTC would also support startup com- 
panies that want to commercialize those 
technologies. In addition, the center would 
address the need for additional talent at all 
levels by funding hundreds of new faculty 
positions, thousands of scholarships, a uni- 
form curriculum in microelectronics with 


hands-on training, and outreach to middle 
and high school students. 

Only a small number of universities have 
the capacity to host that training. A white 
paper issued last year by del Alamo and 
his colleagues estimates that upgrading a 
university fab lab to handle 200-millimeter 
wafers, the size that has become standard 
in advanced fabs, would cost $80 million. 
The university would then need $80 mil- 
lion a year in research grants to operate 
the lab, which could train some 500 gradu- 
ate students and postdocs. That rules out 
many institutions, del Alamo says. Even 
upgrading the select group of universities 
that remains would still leave the country 
far short of filling the 42,000 new semi- 


conductor jobs that the CHIPS Act is ex- 
pected to create, says Tsu-Jae King Liu, UC 
Berkeley’s dean of engineering. 

So last year, King Liu spearheaded the 
formation of the American Semiconduc- 
tor Academy (ASA), a national network for 
microelectronics education. She has 
teamed up with the SEMI Foundation, the 
nonprofit arm of the industry’s trade asso- 
ciation, to seek CHIPS funding from DOD 
and NSF to carry out that vision. 

Attracting U.S. students into micro- 
electronics has become a challenge over the 
past 30 years as semiconductor jobs moved 
overseas and Google and other U.S.-based 
companies threw money at recent gradu- 
ates to write software rather than make 
devices, says Sanjay Banerjee, a professor 
of electrical and computer engineering and 
head of the microelectronic research center 
at the University of Texas (UT), Austin. UT 
is part of a consortium that is seeking a slice 
of the DOD funding to reverse that trend. 

Banerjee says the DOD proposal will 
build on a long-running NSF-funded pro- 
gram, called the National Nanotechnol- 
ogy Coordinated Infrastructure (NNCD), 
which provides $84 million over 5 years to 
16 universities. A DOD grant would be like 
“putting NNCI on steroids,” he says. “It will 
give us better tools, more staff, and facili- 
ties more relevant to industry.” 

The CHIPS legislation aims to spread 
research and education opportunities both 
geographically and by race/ethnicity. That 
will require participation by more institu- 
tions not on the nation’s East and West 
coasts, as well as those serving large num- 
bers of students from groups historically 
underrepresented in science and engineer- 
ing. They include the country’s historically 
Black colleges and universities (HBCUs), 
which as a group rank low on a list of in- 
stitutions getting federal research dollars. 

Consortia vying for the funds must make 
room for those institutions, says electrical 
engineer Michel Kornegay of Morgan State 
University, an HBCU in Baltimore. “Folks 
talk in general terms about equity and in- 
clusion,” says Kornegay, a member of the 
ASA network. “But they don’t spell out 
how they plan to do that, and whether the 
people who are going to implement those 
plans have a track record of success.” 

The influx of CHIPS money could even 
widen the gap between the haves and the 
have-nots if those problems aren’t ad- 
dressed, warns Patricia Mead, dean of en- 
gineering at Norfolk State University, an 
HBCU. “In America, the rich will always 
get richer,’ she says. “So you need strong 
leadership that is going to make a real 
commitment to broaden the footprint of 
microelectronics training in this country.” 
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CLIMATE SCIENCE 


Warming of 1.5°C carries risk of 
crossing climate tipping points 


Scientists call for concerted effort to forecast points of no 
return for ice, weather patterns, and ecosystems 


By Cathleen O’Grady 


rom melting ice sheets to stressed coral 

reefs, global warming is changing our 

world in unmistakable ways. But iden- 

tifying “tipping points,” thresholds past 

which such transformations become ir- 

reversible or self-sustaining, has been 
more difficult—and controversial. Some re- 
searchers argue that emphasizing looming 
but uncertain points of no return could feed 
public apathy, rather than energize efforts to 
curb climate change. 

An expansive study of climate tipping 
points in this issue of Science (p. 1171) is likely 
to fuel that discussion. It synthesizes the 
most current evidence on how much warm- 
ing would risk passing 16 tipping points, 
triggering polar ice collapses, permafrost 
thawing, monsoon disruptions, and forest 
and coral reef diebacks. Many of these sys- 
tems are already stressed by rising tempera- 
tures, and the study finds the world might 
already be within the warming range where 
the risk is elevated. It also concludes that 
even under the most ambitious scenario for 
limiting global warming—to 1.5°C compared 
with preindustrial levels—the planet could 
still see dramatic changes. 

It’s a “timely and thorough piece of work,” 
says Chris Jones, a climate scientist at the 
Met Office Hadley Centre. The findings are 
broadly consistent with previous work, he 
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says, but updated and more detailed. He and 
other climate scientists warn against “cata- 
clysmic” interpretations of the findings. The 
study also indicates that “a lot of really bad 
tipping points are still avoidable,’ says Zeke 
Hausfather, leader of climate research at the 
technology firm Stripe. 

To estimate tipping points, University 
of Exeter earth systems scientist David 
Armstrong McKay and his colleagues gath- 
ered evidence from ancient climate records 
as well as modern observations, model pre- 
dictions, and current best estimates. They 
looked at ecological, atmospheric, and other 
systems to identify those most at risk of 
abrupt, irreversible, or self-sustaining change 
as Earth warms. Then, they estimated the 
minimum amount of warming that might 
trigger a tipping point in each system, as well 
as the maximum warming a system might be 
able to withstand before a catastrophic shift 
becomes unavoidable. The authors also made 
a best estimate of where each tipping point 
sits—somewhere between the extremes—and 
noted how high their confidence was in each 
of the 16 forecasts. 

Overall, they found that at the current 
level of global warming—1.1°C since the 
preindustrial era—Earth has already passed 
the low-end risk estimate for five tipping 
points, putting coral reefs, permafrost, and 
polar ice at risk. Just 0.8°C of warming may 
have already accelerated the decline of the 


Global warming may have already catalyzed irreversible 
melting of ice sheets in Greenland, a new study finds. 


Greenland Ice Sheet, and as little as 1°C of 
warming might have put the West Antarctic 
Ice Sheet on a path toward collapse. “Once 
[the ice sheet] starts to collapse and loses 
ice, it actually pushes itself into an even 
less stable configuration,’ driving sea level 
rise around the globe, says climate scientist 
Nerilie Abram of Australian National Univer- 
sity. For both ice sheets, however, the authors 
estimate that 1.5°C is the more likely tipping 
threshold, and that the sheets might be able 
to withstand as much as 3°C of warming 
without irreversible decline. 

Holding global warming to 1.5°C to 2°C— 
the rough goal of the Paris agreement—could 
mean exceeding the best estimates for seven 
tipping points, the study found, causing the 
loss of mountain glaciers and the disrup- 
tion of key ocean currents. Although the 
1.5°C Paris target was initially a “number of 
convenience” produced by diplomatic ma- 
neuvering, Armstrong McKay says the study 
reinforces the perils of not meeting that goal. 

Other researchers agree. The paper syn- 
thesizes a “huge amount of evidence,” Abram 
says, and makes it easier for policymakers 
and others to see how societal choices could 
help avoid—or hasten—tipping points. 

But too great a focus on specific tempera- 
ture thresholds could feed arguments that 
nothing can be done to keep warming to 
safer levels, warns Bob Kopp, a climate scien- 
tist at Rutgers University, Piscataway. “I don’t 
believe in magic numbers in the climate sys- 
tem,” he says. “I worry about [tipping points] 
feeding this idea that there is this threshold, 
and below it we’re OK, above it we're not.” 
Instead, he says, each increment of warming 
produces additional risk. 

The authors hope their work will instigate 
more concerted research on tipping points. 
They note, for example, that they have “low 
confidence” in many of their thresholds. 

To develop more certainty, they would like 
to start comparing tipping point forecasts 
produced by different climate models. If a 
range of models produce similar results, “that 
gives you a lot of confidence,’ Jones says. If 
the answers are different, “you know there 
are still a lot of things we don’t understand.” 

Thomas Stocker, a climate scientist at the 
University of Bern, thinks the comparison 
should wait for the next generation of climate 
models, which are expected to produce even 
more detailed results. But he and others 
agree that understanding tipping points is 
becoming urgent. More scientists, says Tim 
Lenton, a climate scientist at Exeter and 
senior author of the study, are “recognizing 
that some kind of tipping point risk assess- 
ment is necessary—and welcome.” ! 
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CHEMISTRY 


California EV rules jolt battery science 


Move to phase out gas-powered cars will force progress toward faster charging batteries 


By Robert F. Service 


alifornia, known for leading the 
United States in climate regulations, 
dropped a bombshell last month: 
By 2035, the state will ban sales of 
new gasoline powered cars and light 
trucks. Most new car sales are ex- 
pected to shift to battery-powered electric 
vehicles (EVs). But along with high prices 
and modest range, current EVs have another 
big drawback: They are slow to recharge. 


charge-carrying ions, he and others have al- 
ready come up with promising candidates. 
Most EVs today use lithium-ion batter- 
ies in which one of the two electrodes, the 
anode, is made of graphite. Graphite has 
dominated the market because it’s cheap, 
abundant, and able to store enough lithium 
ions to give cars a range of about 500 kilo- 
meters. During charging, the applied volt- 
age pushes electrons into the graphite, 
attracting lithium ions from the other elec- 
trode, the cathode. As the car drives, the 


Charging stations alone may not be enough to support California’s shift to electric vehicles. 


Whereas filling a gas tank only takes a few 
minutes, recharging an EV takes anywhere 
from the better part of an hour to a day, de- 
pending on the charging equipment and the 
size of the battery. 

“There will be a pushback [from car buy- 
ers] unless there is a faster charging solu- 
tion,” says Sarah Tolbert, a battery expert at 
the University of California (UC), Los Ange- 
les. Yi Cui, a materials scientist at Stanford 
University, agrees. He predicts the broad 
adoption of EVs will force a revolution in 
battery design. The need for fast charging, 
he says, “will definitely provide opportuni- 
ties for new battery chemistries to emerge.” 
By using new materials for electrodes or 
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lithium lets go of the electrons and travels 
back to the cathode, while the electrons are 
routed through the motor, which converts 
some of their energy into motion, before re- 
turning to the cathode. 

But graphite anodes are difficult to charge 
quickly. Most chargers in the United States 
today use either a standard household volt- 
age of 120 volts (an L1 charger) or 240 volts 
(L2). Even L2 chargers can require 10 hours 
or more to fully charge an EV with a typi- 
cal 500-kilometer range. Still higher voltage 
L3 chargers, such as Tesla Superchargers, 
can charge an EV to 80% capacity within 
45 minutes. But these nearly 500-volt char- 
gers can cause lithium ions in the graphite 


to pile up into metal needles called den- 
drites that can short out the battery and 
cause it to catch fire. Even if that doesn’t 
happen, high-voltage charging can cause ir- 
reversible structural changes in the graph- 
ite that shorten the battery’s lifetime. 

A partial solution may come from sim- 
ply changing the rates at which graphite- 
containing batteries are discharged. In a 
23 December 2021 Nature paper, Cui and his 
colleagues reported that doubling the dis- 
charge rate for the first 2 minutes a battery 
is in use essentially melts away any built- 
up lithium dendrites, which can extend a 
lithium-ion battery’s lifetime by 29% and 
make it stand up better to fast charging. 

Another emerging option is to change the 
anode material altogether. Fifteen years ago, 
Cui and others showed anodes made from 
silicon can increase how much charge a bat- 
tery can store and enable faster charging. 
Each silicon atom is able to bind four lithium 
ions, compared with only one for every six 
carbon atoms in graphite. But pushing so 
many lithium atoms into a silicon matrix can 
cause the anode material to swell up to four 
times in size. And repeatedly charging and 
discharging the battery typically pulverizes 
the silicon, killing the battery. 

More recently, Cui and others have shown 
nanoscale modifications to the structure of 
the silicon, such as forging it into an array of 
nanowires, can allow the anode to swell and 
shrink without fracturing, thereby extend- 
ing the battery life (Science, 27 May 2016, 
p. 1046). Amprius, the company Cui spun out 
to commercialize the technology, reported 
in February it has developed a silicon- 
anode lithium-ion battery with a capacity of 
450 watt-hours per kilogram, nearly double 
that of the 280 Wh/kg cells used in current 
Tesla EVs. What’s more, the new cells can 
charge to 80% of capacity in just 6 min- 
utes. The company now sells the batteries 
for drones and other remote aircraft and is 
working to scale up the technology for EVs. 

Other anode materials are also in the 
works. In 2013, Tolbert, along with UC Los 
Angeles colleague Bruce Dunn and oth- 
ers, reported that anodes made from the 
light, gray metal niobium would also en- 
able higher capacity and faster charging 
than graphite. They processed niobium 
oxide into a spongelike form, made up 
of nanoscale tendrils shot through with 
micron-size pores. This material’s very 
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high surface area enables it to hold lots 
of lithium, and the larger channels enable 
lithium ions to race through, resulting in 
faster charging. And unlike silicon, the 
structure of the niobium-oxide does not 
change when it grabs and releases lithium 
ions. Lithium ions nestle close to niobium 
atoms during charging and simply drift 
away during discharge, causing less damage 
to the battery as it goes through repeated 
charge/discharge cycles. 

In 2017, UC Los Angeles licensed its 
technology to a California startup called 
Battery Streak. Last month, the company 
reported it has made palm-size “pouch” 
cells capable of charging to 80% of capacity 
in just 10 minutes. (Current EVs use thou- 
sands of similar-size cells.) During that fast 
charging, Battery Streak’s cells warm up 
by just 8°C, compared with graphite-based 
lithium-ion batteries, which heat by as much 
as 50°C during high-voltage charging. That 
should slow battery degradation and extend 
the life of Battery Streak cells more than 
10-fold over current graphite-anode lithium 
batteries, says Dan Alpern, Battery Streak’s 
vice president of marketing. That increased 
battery life should offset niobium’s price, 
which is typically more than 30 times that 
of graphite. Like Amprius, Battery Streak is 
working to scale up its batteries for EVs. 

Replacing the charge-carrying lithium 
ions with other materials can help as well. 
In the 24 August issue of Nature, for ex- 
ample, Donald Sadoway, a chemist at the 
Massachusetts Institute of Technology, and 
his colleagues reported a novel battery de- 
sign that relies on aluminum ions. Their 
prototype has a capacity similar to conven- 
tional lithium-ion batteries but is capable 
of recharging in minutes. The battery must 
operate at near the boiling point of water 
to allow aluminum ions to move through 
the device’s molten salt electrolyte, which 
ferries ions between the electrodes. But 
Sadoway and his team are already work- 
ing to reduce the operating temperature. 
If they’re successful, the battery could be 
a blockbuster because aluminum is cheap; 
compared with lithium batteries, the cost 
of materials for these batteries would be 
85% lower. 

Just how all these and other novel bat- 
tery chemistries may shake out in the 
marketplace is anyone’s guess, says Gil 
Tal, a transportation technology expert at 
UC Davis. But he adds it’s a safe bet that 
large-scale EV adoption will cause the bat- 
tery market to splinter, allowing users to 
choose their batteries based on whether 
they prioritize the lowest cost, the fastest 
charging, the largest capacity, or the lon- 
gest life. By 2035, Tal says, “The market 
will be much more diverse.” 
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SCIENCE POLICY 


Fauci looks 
back—and 
ahead 


Loved and hated, NIAID’s chief 
plots life after government 


By Jon Cohen 


n 1984, when Anthony Fauci took over as head of the National Institute of Allergy and In- 
fectious Diseases (NIAID), his wife gave him a new plant for his workplace. Both the palm 
and the 81-year-old physician are still there, the giant plant now crowding the office of one 
of the most celebrated—and polarizing—scientific figures in U.S. history. But not for much 
longer. Fauci announced on 22 August that he would step down at the end of the year from 
both NIAID and his post as the chief medical adviser to President Joe Biden. 

“What am I going to do with this plant? It’s a monster. I can’t fit it in any other place,” he 
joked last week over Zoom. I had seen it before while interviewing the institute chief many 
times, starting decades ago with the emergence of an earlier pandemic, AIDS. 

For many people in the United States, Fauci became the public figure trusted above all oth- 
ers to guide them through COVID-19. The hero worship was evident in Fauci bobbleheads, “In 
Fauci We Trust” yard signs, and baseball cards that feature him throwing out a first pitch. But 
many others—including former President Donald Trump and some of his top advisers—turned 
on Fauci. They saw his advice as inconsistent and misleading, and portrayed him as a threat to 
the social order, the economy, and the health of the public. In this alternative world, the yard 
signs say “Fauci for Prison,’ T-shirts declare “Even My Dog Hates Fauci,” and ballcaps call him 
a fraud or worse. He and his family have faced death threats, and his house has had a Secret 
Service detail stationed outside for protection. 

In a February 2021 webcast interview at the annual meeting of AAAS (publisher of 
Science), Fauci said he wouldn’t retire until there were vaccines for HIV, malaria, and 
tuberculosis (TB). In an interview with Science last week, Fauci explained his change of 
mind, acknowledged some missteps during the pandemic, and discussed what he might 
do next. The interview has been edited for brevity and clarity. An extended version can be 
found at https://scim.ag/FauciQA. 


Q: What triggered your decision to leave at 
the end of this year? You had a much longer 
range view when we spoke at the AAAS 
meeting, and then you later said you would 
retire at the end of Biden’s first term. 

A: No, no, I never said that I would retire at 
the end of Biden’s first term. Please go back 
and look at my words. Somebody asked me 


on television, if Donald Trump was the next 
president, would you stay? And I said, it 
doesn’t matter if he’s the next president or 
if there’s another Republican or even if Joe 
Biden has a second term. I don’t plan to be 
here at the end of the day. 

One of the things I had wanted to do 
deep down was to be here at the end of the 
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discovery of an HIV vaccine. And this is 
the truth—and I’m telling you and I haven’t 
told anybody—were not going to get an 
HIV vaccine for another decade at least. I 
was joking when I said malaria and TB. 


Q: You really haven’t answered the question 
precisely. Was it the threats to your three 
daughters and your wife? The attacks in the 
media and Congress? What finally made you 
say, I’m done with this job? 

A: It was none of the above. As the Trump 
administration was ending, I was vaguely 
considering wanting to have at least a few 
years when I’m still energetic, enthusias- 
tic, and passionate about doing something 
outside of the realm of the government. 
Then the president calls me up right after 
being elected and says, one of the first 
things I’m going to do, Tony, is ask you 

to be my chief medical adviser. I said yes, 
fully thinking that at the end of that first 
year of the Biden administration, we’d be 
done with COVID, it really would be in 
the rearview mirror. 

At the end of that year, it became clear 
that that’s not going to happen. And I had 
long conversations with my best adviser, 
namely my wife, who said, you know, this 
is not going to disappear. [Fauci’s wife, 
Christine Grady, heads the bioethics divi- 
sion at the National Institutes of Health’s 
(NIH’s) Clinical Center.] So I said to myself, 
I’m going to be 82 in December, what do I 
have further to offer? 

Despite the knives and the slings and 
the arrows, I’ve achieved a degree of being 
kind of a hero to some people. So let me 
use that to inspire people. When can I do 
that? I decided over the spring and summer 
that the best time to do it is when you're 
getting somewhat of a steady state with this 
disease, so I could transition out of here. 


Q: Is some of the vitriol toward you about 
being a flip-flopper with your pandemic 
advice a result of having to make public 
health decisions in public in real time? 

A: When you're doing an experiment, you 
collect data, you validate it, you scrub it, you 
analyze it, and then you write something 
that’s based on science that’s not dynamic, 
but is immutable. When you're dealing with 
a pandemic response, it’s very dynamic, 

and a somewhat mysterious evolution of a 
process that has a lot of consequences, be- 
cause people’s lives are involved. The public 
expects you to analyze the situation and 
come out with daily proclamations about 
what should be done. When you’re humble 
and scientific enough to say, you know, 

we were Saying this a week, a month, 

2 months ago, but now things have really 
changed, that’s taken as flip-flopping, be- 
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ing wrong, and having made a mistake. 
The classic one I know that you’re refer- 
ring to is about masks, right? How many 
times are we gonna go over that? The 
surgeon general tweets, please do not buy 
masks, the Centers for Disease Control and 
Prevention says, masks are unnecessary. 
I, as one spokesman, say, you know, we 
don’t know if it works outside of the health 
care setting. Nobody is fully aware of the 
aerosol spread. And we had no real idea 
that 60% of the transmissions were by an 
asymptomatic person. So, right then, we 
shouldn’t necessarily be wearing a mask. 
As soon as [the known facts] changed. I 
said, whoa, wait a minute, we better be 
wearing a mask in an indoor setting. And 
that becomes flip-flopping arrogance. 


Q: In retrospect, do you think you could 
have framed it more cautiously in the early 
days and said, we don’t really know enough 
right now, it doesn’t look like we need masks, 
and there’s a shortage of N95s? 

A: Yeah, probably so but that’s not what 
people want to hear. They want to hear 
what should we do? I probably should 
have couched it in a way that was a little 
bit more flexible. But I can tell you, Jon, if 
I did, it’s likely I would have been labeled 
as a wallflower, he didn’t know what he 
was talking about. 


Q: So, what are you going to do next? 

A: I don’t know, Jon, and I’m being very 
honest with you. It may be hooking up with 
a university that’s willing to make me a 
senior professor on their faculty. It may be 
going with a foundation. I can tell you one 
thing I’m not going to do. I’m not going to 
sit in my house with a Gmail address. 


Q: Looking back, who was the easiest 
president to work with? | know who the most 
difficult one was. 

A: I wouldn’t want to say who was the 
easiest. They were very different. And 

the difference often was dictated by the 
circumstances that defined their presidency. 
Thad a very, very warm, almost grandfather- 
to-grandson relationship with George H.W. 
Bush. A fine, fine gentleman. I had probably 
the most impactful relationship with George 
W. Bush, because he allowed me to be the 
chief architect of the President’s Emergency 
Plan for AIDS Relief [PEPFAR]. If you want 
to look at my career, in lives saved, the 

most important thing I’ve done might be 
PEPFAR. [PEPFAR has invested $100 billion 
in helping more than 50 countries prevent 
and treat HIV infections.] But I wouldn’t 
have been in a position to do what I did with 
PEPFAR unless I had the president trusting 
me as I did in [Bill] Clinton’s administration. 


Q: Do you have any advice for NIH about 
who they should look for to replace you or 
what type of person? 

A: The type of person but not a person—that 
would not be appropriate. You need some- 
body who clearly has scientific credibility. 
It also has to be somebody who is articulate 
enough to navigate the degree of public 
exposure you will have, because you will 

be involved in the next public health crisis, 
which very often is an infectious disease. 


Q: What do you want to accomplish between 
now and December? 

A: I'd like to guide the good research being 
done in the arena of both mucosal, nasal 
vaccines for respiratory diseases, as well as 
more durable vaccines that protect against 
entire families of viruses. I’m a pusher. We 
meet as a group at least three, four times 
a week and I go OK, what are we doing? I 
try to be not a pain in the ass, but I’d like 
to keep my foot on the pedal between now 
and then to keep that going. 


Q: I’ve seen loads of people confront you 
over more than 30 years. No one seems to 
get under your skin as much as Senator 
Rand Paul (R-KY). Why does that guy piss 
you off so much? [Paul has accused Fauci 
of helping trigger the pandemic by funding 
scientists in Wuhan, China, who, Paul and 
others allege, either created SARS-CoV-2 or 
had collected a bat virus that accidentally 
leaked from their lab.] 

A: 1 came into what I thought was a good 
faith, oversight hearing where politicians 
ask questions for the purpose of improving 
the situation, for the purpose of protecting 
and preserving the health of the country. 
When you start off by saying, how do you 
explain the fact that you are responsible 
for the death of 5 million people? No way 
am I going to stand for that on public tele- 
vision, on C-SPAN. Sorry, Jon. No way. 


Q: If Republicans gain the majority in the 
House of Representatives and they hold 
hearings, will you testify? 

A: If I’m asked to testify, I’ll testify. I have 
nothing to hide. I can explain everything 
I’ve done and I could defend everything 
I’ve done. But if it becomes clear that it’s 
not an in-good-faith oversight, but a char- 
acter assassination, I might not play ball. 


Q: A last question for you. Do you have a 
motto that you told your kids, like, this is 
what I learned in life? 

A: Yeah, it’s what I go by. It’s called preci- 
sion of thought and economy of expres- 
sion. Know what your message is, know 
your audience, and say it in as few words 
as possible. 
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In Magude district in southern Mozambique, Zaidina Antonio Zwane gives her 2-year-old son Ernesto a glass of water to wash down his malaria treatment. 


LINGERING FEVER 


The battle against malaria in Africa has stalled. 
Can research in Mozambique explain why—and how to get it back on track? 


oisés Mapanga, a burly man of 
49, is the bait. At 6 p.m. ona 
mid-April evening, he climbs 
into an orange tent outside his 
one-room house in Matutuine, 
a hot, swampy district near 
Maputo, the capital of Mozam- 
bique. He will remain there for 
the next 12 hours, except for a 

30-minute dinner and bathroom break. 
Mosquitoes hunting for their next blood 
meal fly into the tent, where they are at- 
tracted not only to Mapanga, who sleeps 
under a second tent to protect him from 
their bites, but to a red light atop a lantern- 
shaped mosquito trap. Instead of dining, 
the insects are sucked into a collection cup 
by a battery-powered fan. The next night 
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Mapanga will repeat the drill with the tent 
inside his house. 

Junior entomologist Mara Maquina 
of the Manhica Health Research Centre 
(CISM) and her colleagues are on site to 
inspect the catch. They are testing house 
after house in Matutuine to figure out 
which species of malaria-carrying Anoph- 
eles mosquitoes occur there and whether 
they are biting indoors or outside. The an- 
swers might help reduce the disease’s hor- 
rendous toll in Mozambique. 

But the project also aims to help answer 
a bigger question: Why, after Mozambique 
and its international partners have spent 
years pouring money and energy into fight- 


ing malaria, have cases plateaued, and in 
some places increased? “We do almost ev- 
erything we can to decrease the burden, 
but we are not seeing the impact we would 
expect,” says Pedro Aide, malaria area coor- 
dinator at CISM. 

The pattern is similar in many coun- 
tries in southern Africa. After more than 
a decade of striking successes against the 
disease, cases are now bumping along a 
generally flat line, slightly up one year, 
down the next, with no real progress. Re- 
searchers hope Mozambique, which has 
the fourth-largest malaria burden in the 
world, can shed light on what is happening 
across the region. 

The question bothers donors as well. Last 
year, the Global Fund to Fight AIDS, Tuber- 
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culosis and Malaria, which in late 2020 gave 
Mozambique $200 million for 2.5 years to 
control malaria, requested an analysis to 
figure out why it is not seeing a greater pay- 
off. Unfortunately, “There’s not one obvious 
answer,’ says James Colborn, a senior ma- 
laria adviser at the Clinton Health Access 
Initiative who led the analysis. 

Part of the problem is that “the mosqui- 
toes are fighting back,” Aide says. Tried- 
and-true interventions against malaria, 
such as bed nets treated with long-lasting 
insecticide and spraying the indoor walls of 
houses with insecticides, are losing power 
because mosquitoes are changing their be- 
havior and resistance to the chemicals has 
become rampant. The vagaries of human 
behavior factor in as well, as does poverty, 
with which malaria is intertwined, and 


to drop, however, support for Africa, which 
has by far the world’s worst malaria prob- 
lem, continued to rise. It passed $2.5 billion 
in 2020. 

The results were stunning—at least ini- 
tially. Between 2005 and 2015, the number 
of estimated yearly cases globally fell by 
30% and the mortality rate dropped by 47%. 
But then progress ground to a halt at what 
the World Health Organization (WHO) calls 
“unacceptably high” levels. There were an 
estimated 241 million cases and 627,000 
deaths in 2020, mostly in children in Africa. 

The paradox is acute in Mozambique, 
whose entire population of 31 million is 
at risk. PMI has so far spent more than 
$415 million to fight malaria in the country 
and the Global Fund $530 million. Yet, coun- 
trywide incidence jumped from 226 cases 


Researchers at the Manhica Health Research Centre collect mosquitoes by placing a trap inside a tent. 


a lack of health services. And a warmer, 
wetter climate, on top of the cyclones and 
flooding that pound the country almost ev- 
ery year, is creating even better conditions 
for mosquitoes to flourish. 

Whatever the causes, it’s clear that fix- 
ing the problem will require new tools— 
especially in central and northern Mozam- 
bique, where malaria still kills tens of thou- 
sands of children each year. 


GLOBAL SPENDING on malaria control and 
elimination started to go up sharply after 
the turn of the century, thanks mostly to the 
launch of the Global Fund in 2002 and the 
US. President’s Malaria Initiative (PMI) in 
2005. Malaria spending surpassed $3 bil- 
lion annually by 2010 and has plateaued 
since then. As spending elsewhere began 
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per 1000 residents per year in 2015 to 368 
per 1000 in 2020, an increase of more than 
60%, according to PMI. More than 11 mil- 
lion cases were diagnosed in 2020, about 
90% of them caused by Plasmodium fal- 
ciparum, the most dangerous of the four 
malaria parasite species. Another measure 
of malaria intensity is prevalence, the per- 
centage of children under age 5 who have 
malaria parasites in their blood, regardless 
of whether they are sick. In Mozambique, 
that number hasn’t budged from about 40% 
nationwide since 2011. 

One encouraging sign is that the num- 
ber of deaths has been declining gradually 
in Mozambique, thanks to better access to 
rapid diagnostic tests and the best drugs, 
artemisinin-based combination therapies 
(ACTs). But the country still saw an esti- 


mated 23,700 deaths in 2020, according to 
PMI. Malaria is a leading cause of death 
among young children. 

The toll is not evenly distributed. Mo- 
zambique stretches 2500 kilometers along 
the Indian Ocean, and malaria transmis- 
sion varies dramatically with climate 
and topography. It’s highest—and has in- 
creased sharply—in the country’s center 
and the north, with their humid tropical 
climates. Transmission is much lower, and 
has decreased, in the drier lowlands of the 
south. The stark difference is reflected in 
the prevalence rates in children under age 
5, which range from 57% in Cabo Delgado, 
a province in the far north, to 1.3% in Ma- 
puto, the country’s southernmost province 
(see map, p. 1141). 

Poverty exacerbates malaria—and Mo- 
zambique is one of the world’s poorest 
countries. The underprivileged live in 
flimsy housing that offers little protection 
from mosquitoes, and they are the least 
likely to receive care. Even when malaria 
does not kill, the disease perpetuates pov- 
erty because the sick cannot work or go 
to school. 


MAPUTO PROVINCE is Mozambique’s malaria 
success story—but even there, efforts have 
fallen short of their goal. In the 1990s the 
government began to fight malaria in ear- 
nest, in large part to assuage its neighbors, 
South Africa and Eswatini, formerly Swazi- 
land. Those countries wanted to wipe out 
malaria altogether and were frustrated 
that migrant workers and others from Mo- 
zambique kept bringing it back in. “They 
look to us and say, ‘Hey, you guys need to 
fix your problem there,” says Abuchahama 
Saifodine, the U.S. Agency for International 
Development’s Maputo-based resident ad- 
viser. The Mozambican government also 
hoped getting rid of malaria would foster 
development and tourism. 

The south has been a testing ground for 
new techniques ever since. In 2015, with 
funding from the Bill & Melinda Gates 
Foundation and the La Caixa Foundation, 
the government and its partners, CISM and 
the Barcelona Institute for Global Health, 
embarked on a bold, 2-year pilot to test the 
feasibility of eliminating malaria in Magude, 
one of Maputo’s seven districts. 

They threw everything they had at the 
problem. All residents received insecticide- 
treated bed nets. Pregnant women, who are 
at risk of severe disease and anemia, were 
offered prophylactic antimalarials when they 
sought antenatal care. In addition, every 
house received indoor spraying once a year 
to drive down the mosquito population. The 
project also tried something new for Mozam- 
bique: providing the district’s entire popu- 
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lation with an antimalarial twice a 
year, regardless of whether they were 
sick. The hope was that this mass 
drug administration would not only 
cure the ill, but also clear the parasite 
from those who were asymptomati- 
cally infected. 

During the study, prevalence in 
Magude fell from 9.1% to 1.4%— 
but not to zero. Malariologists 
attribute this to residual malaria 
transmission—the transmission that 
continues even when all available 
mosquito control tools are deployed 
effectively. All over the country, “re- 
sidual malaria transmission is a big 
issue and a really big headache,” says 
Nelson Cuamba, an entomologist at 
the Ministry of Health’s National Ma- 
laria Control Programme (NMCP). 

The human-baited tent traps point 
to one cause. At the first house the 
CISM team visited in mid-April, the 
trap came up empty when the volun- 
teer slept in a tent inside the house, 
except for a few Culex mosquitoes, 
which don’t transmit malaria. 

But when Mapanga spent the night 
outside in his tent, the traps snagged 
a few Anopheles mosquitoes, which 
Maquina can readily identify by the 
black-and-white spots on their wings. 
That means the mosquitoes were bit- 
ing outside, where bed nets and in- 
door spraying offer no protection. 

The findings reflect the intense, 
constant pressure on mosquitoes to 
adapt to control measures, which 
has resulted not only in insecticide 
resistance, but also in behavioral 
changes. Mosquitoes are biting more 
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A stubborn enemy 
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malaria prevalence is highest, cases 

have gone up in recent years. In Magude 
district, in the south, an all-out attempt to 
eliminate the disease fell short. 
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to thwart outside biters, says Baltazar 
Candrinho, who heads NMCP. “It is happen- 
ing everywhere,” he says. 

Another experimental setup is yielding 
more clues about the behavior shift. Ento- 
mologists lay a white sheet on the floor in the 
morning, spray the house with a commercial 
insecticide, “and see what falls down dead,’ 
says Krijn Paaijmans of Arizona State Univer- 
sity, Tempe, who coordinates the entomology 
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group at CISM. Window exit traps, which al- 
low mosquitoes to fly in but not out, snag the 
ones attempting to leave the house. 

Such studies have shown the balance 
within the Anopheles genus is changing. An. 
JSunestus, which bites and rests indoors, used 
to be the most abundant vector in Maputo. 
Now, An. arabiensis, which can bite indoors 
or out, is the most plentiful. In Gaza and In- 


hambane provinces, where indoor 
spraying has not been used, the team 
still finds lots of An. funestus. 

There are other reasons why 
mosquito control alone may not be 
enough to end malaria. Bed nets 
work very well—when people are 
sleeping under them. But in many 
rural communities, people stay 
outside late, cooking, socializing, 
or doing school work and avoiding 
hot houses made even steamier by 
metal roofs, Paaijmans and his col- 
leagues have found. After people 
go indoors, they don’t necessarily 
jump in bed, leaving them vulner- 
able to mosquitoes. 

People don’t always welcome in- 
door spraying, either. It’s inconve- 
nient—families have to move their 
belongings outside—and smells bad, 
and some people don’t trust the army 
of sprayers or the government that 
sends them, Saifodine says. After they 
leave, some residents wash or replas- 
ter their walls or build new rooms, 
Paaijmans’s team has found. 


Rapale 


IN RECENT YEARS, Mozambique has 
shifted its antimalaria focus to the 
center and the north of the coun- 
try. The move was part of an inter- 
national push to concentrate on 
the high-intensity regions, where 
the battle is much harder but more 
lives can be saved. “We want to 
put our resources in the highest 
burden places where we can get 
the most impact in a short time,” 
Candrinho says. The Global Fund 
has stepped up its funding to pay 
for the intensified attack, and PMI 
spends its money in this part of the 
country. But progress has not only 
stalled; it has reversed. 

There’s too much malaria in the 
north and the center to try to chase 
it from the population with mass 
drug administration or by using the 
finely honed tools deployed in Ma- 
gude, such as following every per- 
son diagnosed with malaria home 
and giving family members antima- 
larials to prevent further spread. 
“If you are in Zambezia [prov- 
ince] and there are 2 million cases, there 
is no way you can follow patients home,” 
Saifodine says. 

Rather, NMCP focuses on the basics. In 
2016, Mozambique began to strive for uni- 
versal bed net coverage, which means one 
net for every two people. It also tried to en- 
sure health facilities are stocked with rapid 
diagnostic tests and ACTs and that every- 


2020 
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Celso Melembe, a technician at the Manhica Health Research Centre, uses a filtered tube to transfer mosquitoes in a study into the efficacy of insecticide-treated bed nets. 


one who shows up with a fever is tested 
for malaria and treated. Also, all pregnant 
women who seek antenatal care are of- 
fered chemoprevention. 

So why did cases continue to surge? The 
study Colborn and colleagues just finished 
for the Global Fund mentioned several 
possible reasons. One somewhat hopeful 
explanation is that Mozambique has got- 
ten better at detecting and testing cases, 
Colborn says, which could explain part 
of the frustrating statistics. But Colborn’s 
analysis listed many other potential fac- 
tors. Insecticide resistance in mosquitoes 
may be worse than researchers realize. 
The shifts in mosquito behavior that Paai- 
jmans’s team is documenting may be hav- 
ing a profound impact across the country. 
“If we were able to measure all potential 
factors affecting transmission, we would 
probably have a good idea of why we see 
stagnation or an increase in malaria,’ 
Colborn says. At this stage, “we can say: 
This is what we don’t know and 
what we need to know.” 

There are also stubborn realities 
in this vast, very poor country. “Uni- 
versal coverage is not universal,” 
Candrinho concedes. The most 
recent national data, from 2018, 


don’t. Many women don’t seek antenatal care. 

Once they do get to a clinic, a number 
of things can go wrong. Health workers 
don’t always ask whether the patient has 
a fever; of those with fever, only some are 
tested for malaria, and of those, only some 
receive ACTs, a recent study by Candrinho, 
Colborn, and colleagues found. 

A big part of the problem in central and 
northern Mozambique is that malaria is so 
common people tend to shrug it off. Some 
people don’t know malaria is transmitted by 
mosquitoes or how to protect themselves. 

That’s why on a hot spring day a reli- 
gious leader in Nampula province, Juma 
Alberto Munlela, is talking about malaria 
with a group of about 15 men in a straight 
row of plastic chairs under the span of a 
huge tree. They live in Namaita, a devastat- 
ingly poor community far off a paved road 
in Rapale district. 

Munlela is with the Inter-Religious Pro- 
gram against Malaria (PIRCOM). Funded by 


Success, followed by stagnation 
An intensified battle against malaria that started around 2000 caused 
worldwide deaths to drop—until progress stagnated about a decade ago. 


PMI, it employs respected religious leaders 
of all faiths—Muslims, Christians, Hindus, 
and Baha’i—to educate people about ma- 
laria, and is spreading its message in five of 
Mozambique’s 11 provinces. 

Munlela begins with a prayer before ask- 
ing whether anyone knows where malaria 
comes from. Mosquitoes, a man volunteers, 
and they like standing water, so it is impor- 
tant to clean your house. Malaria gives you 
fever, headaches, and convulsions, another 
adds. Malaria is deadly, Munlela explains, 
and children and women are especially vul- 
nerable. If anyone has a fever, go to a health 
facility right away and get tested for malaria. 
Take the antimalarial for the full 3 days even 
if you feel better—if you take it just 2 days 
malaria is not over. “God wants you to go to 
the hospital,” he intones. 

Next, Munlela stresses the importance of 
sleeping under a bed net, and his PIRCOM 
colleagues demonstrate how to assemble a 
bright blue one. A young man follows their 
example, climbs in, and laughingly 
mimes sleep. But there’s a problem, 
another man says: The community 
has no bed nets. 

PIRCOM staff will return to Na- 
maita in a few weeks to see whether 
the community is following their 
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no community health workers. 
People have to walk 2 to 3 hours to 0 
get to a health facility, and many 2000 
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thing is abundantly clear: New strategies 
and tools are needed if the country is to 
bring down its sky-high burden. 

To thwart insecticide resistance, NMCP is 
rolling out next-generation bed nets, which 
use a combination of two insecticides or an- 
other formulation, in four provinces. Colborn 
thinks that is one reason cases dipped in 
those provinces last year. “It is the first 
obvious success I have seen from one in- 
tervention.” Next-generation nets will be 
distributed to the rest of the country over 
about the next 6 months, he says. 

Last year NMCP, supported by the 
Global Fund, tried mass drug administra- 
tion in an entirely different context—not 
for malaria elimination in the south, but to 
reduce disease and death in Cabo Delgado, 
the northernmost province, where conflict 
has displaced hundreds of thousands of 
people and caused malaria to spike. The 
drugs were given in two areas where most 
of the displaced are concentrated. Data 
are still being analyzed, but the strategy 
helped, Aide says: “Malaria transmission 
continued, but we didn’t see the expected 
increase in cases after the peak malaria 
season.” NMCP may try the approach in 
other high-burden provinces as well. 

The nonprofit Malaria Consortium, 
in collaboration with NMCP and CISM, 
is conducting a 2-year pilot study of a 
brand-new strategy for Mozambique: sea- 
sonal malaria chemoprevention, which 
involves giving all eligible children ages 
3 months to 59 months intermittent doses 
of a powerful antimalarial drug combi- 
nation—|sulfadoxine-pyrimethamine and 
amodiaquine (SPAQ)—during the high- 
transmission season. 

Seasonal chemoprevention is widely 
used in the Sahel, where it’s been shown to 
reduce malaria incidence by 75%. But it has 
never been tried in sub-Saharan Africa, for 
a couple of reasons. Malaria is highly sea- 
sonal in the Sahel, Aide says—it is either 
on or off—so it is very clear when children 
are most vulnerable. In Mozambique, ma- 
laria is seasonal as well, but the incidence 
never drops to zero. Also, resistance to sul- 
fadoxine-pyrimethamine among malaria 
parasites is high in Mozambique, which 
could blunt SPAQ’s effectiveness. 

But the malaria burden remains so stub- 
bornly high that in 2020 NMCP decided 
to give the strategy a try in two districts 
in Nampula province. The first phase, last 
year, showed seasonal chemoprevention 
is safe, feasible, and widely accepted, says 
Maria Rodrigues, Mozambique country 
director of Malaria Consortium. Now, the 
collaborators are testing its effectiveness. 

In one of the districts, remote and dusty 
Malema, local women recruited for the study 
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were going door to door in April, talking to 
mothers and distributing SPAQ. Community 
leaders had already paved the way, explain- 
ing that the strategy is prevention, not treat- 
ment, and helping dispel any rumors. 

At the first house, a 2-year-old girl with 
huge brown eyes, perched on her father’s 
hip, is feverish and subdued. Because she 
is sick, she can’t take SPAQ, Rodrigues ex- 
plains. Instead, the team urges the father 
to take her to the health center immedi- 
ately to be tested for malaria. 

At other houses, the community dis- 
tributors show mothers how to dissolve 
the tablet, making an orange-flavored 
liquid that most children like. For those 
too young to drink from a cup, mothers 
make a paste and spoon it into the child’s 
mouth. When the distributors are done, 
they mark the door with chalk, recording 
the date, how many children received the 
drug, and whether they need to come back 
to catch any they missed. Several days later 
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mectin, a drug used to fight parasites in 
people and animals that also kills mosqui- 
toes feeding on people who have taken it. In 
the study, led by the Barcelona Institute for 
Global Health, researchers are giving iver- 
mectin to both humans and their livestock, 
which mosquitoes also feed on, in mass 
campaigns for two consecutive years. Used 
in combination with other tools, “it could be 
a great innovation,” Saifodine says. 

Yet another tool may be coming. Mozam- 
bique was one of the early trial sites for 
RTS,S, the first-ever malaria vaccine, which 
WHO approved last year for widespread use 
in areas of moderate to high malaria trans- 
mission. The vaccine is in short supply and 
far from perfect, with an efficacy of just 30%. 
But if you consider the number of people at 
risk in Mozambique, it could make a big dif- 
ference, Candrinho says. NMCP and its part- 
ners are considering how it might be used in 
combination with other tools and whether to 
apply for funding. 


Health workers in Nampula province mark a house where they have given children prophylactic drugs during 
peak malaria season. Early results suggest seasonal chemoprevention sharply reduces incidence. 


they will return and collect a card that the 
mother has filled out showing how many 
doses she delivered. 

So far, the Malaria Consortium has treated 
about 114,000 children. Preliminary data are 
very encouraging, Rodrigues says: A com- 
parison with two control districts suggests 
seasonal chemoprevention reduced malaria 
incidence about 85%. This year, NMCP will 
expand the strategy across all of Nampula 
province, targeting 1.3 million children. 

Mozambique is also one of two countries, 
with Tanzania, testing a novel use of iver- 


Like other innovations, the vaccine costs 
money, which, despite the influx of ex- 
ternal funding, is scarce in Mozambique. 
None is a panacea. But Saifodine remains 
optimistic that, working with the tools 
they have and trying to figure out where 
each makes sense, Mozambique can finally 
start to make progress. “If we can find a 
solution for funding, a lot of great things 
can happen,” he says. & 


Leslie Roberts is a science journalist in Washington, 
D.C. This story was supported by the Pulitzer Center. 
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Although children generally 
develop mild COVID-19, 
some can develop severe 
disease, and so it is 


P E R S P E C T IV E S aa important they are protected. 


VIEWPOINTS: COVID-19 


COVID-19 and children 


There has been substantial research on adult COVID-19 and how to treat it. But how do severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) infections afflict children? The COVID-19 pandemic has yielded many 
surprises, not least that children generally develop less severe disease than older adults, which is unusual for a re- 
spiratory disease. However, some children can develop serious complications from COVID-19, such as multisystem 
inflammatory syndrome in children (MIS-C) and Long Covid, even after mild or asymptomatic COVID-19. Why 


this occurs in some and not others is an important question. 


Moreover, when children do contract COVID-19, understanding decrease transmission. But questions remain about whether 
their role in transmission, especially in schools and at home, vaccination might skew immune responses to variants in the 
is crucial to ensuring effective mitigation measures. Therefore, long term. As the experts discuss below, more is being learned 
in addition to nonpharmaceutical interventions, such as im- about these important issues, but much more research is 
proved ventilation, there is a strong case to vaccinate children needed to understand the long-term effects of COVID-19 in 

so as to reduce possible long-term effects from infection and to children. -Gemma K. Alderton 
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Why is COVID-19 generally 
milder in children? 


By Carl A. Pierce’, Kevan C. Herold’, Betsy C. Herold'? 


Why infants and young children have milder clinical courses with 
COVID-19, accounting for ~0.1% of deaths, but are more vulnerable 
to established pathogens has been a key question since the onset 
of the pandemic. This may be attributed to differences in suscep- 
tibility. All segments of the population were naive to SARS-CoV-2, 
whereas older children and adults have protective immunity 

to established viruses because of prior exposures and vaccines. 
Although the underrepresentation of children in severe COVID-19 
cases was initially hypothesized to reflect decreased susceptibility, 
no age-associated difference in household transmission, expression 
of angiotensin-converting enzyme 2 (ACE2, the receptor for viral 
cell entry), antibody titers against other coronaviruses, or SARS- 
CoV-2 viral loads in nasopharyngeal swabs have been detected 
(1-4). These findings, coupled with immunological studies, suggest 
that the more favorable outcomes likely reflect rapid engagement 
of the pediatric mucosal immune system. 

Studies of immune responses in hospitalized children and 
adults during the first wave of the COVID-19 pandemic found that 
pediatric patients had less robust memory T cell responses and 
lower neutralizing and Fcy-receptor activating antibody responses 
than adults (2, 5). Coupled with data showing an age-dependent 
decrease in serum levels of the cytokines interferon-y and interleu- 
kin-17, these findings suggested that children may mount a more 
vigorous innate (pathogen nonspecific) response that promotes vi- 
ral clearance and precludes the robust adaptive immune response 
to SARS-CoV-2 that contributes to severe disease in adults (2). This 
hypothesis was strengthened by direct study of mucosal responses 
at the time of COVID-19 diagnosis: RNA sequencing data and mea- 
surement of cytokines demonstrated a brisk innate response in the 
nasal mucosa of children versus adults (3). These findings may be 
a consequence of trained immunity resulting from more frequent 
respiratory infections in children, leading to higher baseline innate 
activity in pediatric relative to adult nasal mucosae (6, 7). 

Another hypothesis is that the naive character of the pediatric 
adaptive immune system contributes to milder outcomes. Analysis 
of peripheral blood immune cells in pediatric and adult COVID-19 
patients showed an increased frequency of naive T cells, deple- 
tion of natural killer (NK) cells, and a lower frequency of cytotoxic 
T cells in children compared with adults (6). Likewise, the T cell 
receptor repertoire from young children who seroconverted after 
COVID-19 showed reduced clonal expansion compared with adults 
(8). The skewing away from cytotoxic activity may avert an over- 
exuberant adaptive immune response that contributes to hyperin- 
flammation, which is characteristic of severe disease. 

Clinical experiences with newer SARS-CoV-2 variants, which are 
potentially more transmissible, suggest that the innate response 
continues to play an important role, although there is concern 


that future variants with greater capacity to evade innate immu- 
nity may emerge. Thus, vaccinations, which are also approved for 
young children, are critical as SARS-CoV-2 transitions from a pan- 
demic to an endemic virus. Notably, vaccines also protect against 
MIS-C, a rare but potentially severe post-COVID-19 pediatric 
sequela. The findings underscore that differences in outcomes with 
new and old infections depend on the host, their prior infectious 
history and immune status, and the pathogen(s) involved. Studies 
across the age spectrum are needed to identify these contributing 
factors and guide public health policies. 


Why do some children 
develop MIS-C? 


By Janet Chou** and Adrienne Randolph**” 


An obese but otherwise healthy 9-year-old boy develops fevers, 
rashes, vomiting, neutrophilia, lymphopenia, elevated inflamma- 
tory markers, and coagulopathy. He had asymptomatic COVID-19 4 
weeks before displaying these symptoms. Owing to myocarditis and 
hypotension, he receives immunosuppressive dosing of intravenous 
immunoglobulin (IVIG) and glucocorticoids, enabling recovery in 1 
week. This case is representative of MIS-C (9, 10), defined by fever, 
inflammation, and involvement of at least two organ systems and 
requiring hospitalization. Coronary artery aneurysms occur in over 
8% of patients (77). Unlike acute COVID-19, MIS-C is a postinfectious 
syndrome occurring within 3 to 6 weeks of mild or asymptomatic 
SARS-CoV-2 infection (9). Although severe COVID-19 occurs most 
frequently in the elderly, healthy children between 6 and 12 years of 
age most commonly develop MIS-C. In 2020, MIS-C occurred in ~3 
in 10,000 US persons under 21 years, with a mortality rate of ~0.8%. 
Obesity is present in ~30% of children with MIS-C (72), but its role 
and what triggers MIS-C remain unknown. The incidence and sever- 
ity of MIS-C are lower after infections with the Omicron variant, 
compared to the Alpha or Delta variants. This has been attributed to 
differences in inflammatory responses associated with each variant 
and enhanced host immunity after COVID-19 vaccinations or SARS- 
CoV-2 reinfections (13, 14). 

Patients with MIS-C have activated neutrophils, monocytes, T cells, 
B cells, NK cells, and dendritic cells (15, 16). Increased circulating 
chemokines and cytokines facilitate homing of these activated im- 
mune cells to inflamed organs, most commonly the gastrointestinal 
and cardiovascular systems. Autoantibodies occur in some patients 
with MIS-C, but it is unknown if they drive autoimmunity or are by- 
products of a hyperinflamed state. The SARS-CoV-2 spike protein has 
structural similarities to superantigens that can nonspecifically acti- 
vate T cells (72). The expansion of T cells with specific T cell receptor 
VB repertoires, a characteristic of superantigen activation, has been 
observed in some patients with MIS-C (17). 

Although effective treatments for MIS-C are available, the causes 
of this postinfectious syndrome remain unclear. It is challenging to 
obtain biospecimens from critically ill children before treatment, 
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and there are no animal models of this disease. The hypothesis of 
persistent, low-level SARS-CoV-2 replication driving MIS-C is based 
on one study finding circulating SARS-CoV-2 spike protein in a sub- 
set of patients with MIS-C (72), although this was not replicated (18). 
Similarly, extremely rare cases of MIS-C occurring after COVID-19 
vaccination prompted concerns that vaccine-derived spike protein 
could be a trigger (19). However, studies have shown that COVID-19 
vaccination reduces the risk of MIS-C (20), possibly by reducing the 
risk of SARS-CoV-2 infection, and the overall incidence of MIS-C is 
decreasing. Drivers of hyperinflammation, including genetic vari- 
ants impairing restraint of immune activation, have been identified 
as additional risk factors (12). Future studies need to resolve this 
paradox of a hyperinflammatory disease affecting previously healthy 
children with antecedent asymptomatic or mild SARS-CoV-2 infec- 
tions. The identification of early biomarkers of hyperinflammation 
may address the unpredictable onset of MIS-C, a feature shared by 
the development of Long Covid, another incompletely understood 
syndrome that occurs after SARS-CoV-2 infection. 


Long Covid in children 
and young people 


By Binita Kane’ and Sammie McFarland? 


Although most children recover fully from COVID-19, some will 
have persistent symptoms. Global prevalence estimates of Long 
Covid in children vary from 1:4 to 1:100 depending on cohort, 
methodology, and definition (21). The Office of National Statistics 
(ONS) estimates that ~120,000 children in the UK are suffering 


the effects of Long Covid, with 26,000 having symptoms for >1 
year (22). A quarter of children experienced persistent symptoms 
months after hospitalization with acute COVID-19 infection, with 
almost 1 in 10 experiencing multisystem involvement (23). In total, 
over 200 different symptoms have been reported, affecting every 
organ system. Emerging evidence from case studies, patient- 

led charities, and pediatric services set up to treat Long Covid 
highlight that children are also affected by Long Covid after initial 
mild or asymptomatic illness (24). However, there are challenges 
in interpreting the existing literature, particularly with regards to 
defining “control groups” in a population that has had high levels 
of COVID-19 infection. 

Owing to the heterogeneity of symptoms, diagnosing Long Co- 
vid in children is challenging, especially in the absence of estab- 
lished biomarkers of disease. The first research definition of Long 
Covid in children and young people was published recently (25). 
This acknowledges that the lack of complete recovery after acute 
infection with SARS-CoV-2 for >4 weeks is concerning, but symp- 
toms persistent at 12 weeks are required to meet the definition of 
Long Covid. An international consensus for a pediatric Long Covid 
definition is anticipated in 2023; this will be an important step in 
the illness being recognized and managed consistently. 

Children with Long Covid can be divided into those unable to 
return to normal life because of symptoms such as (but not limited 
to) pain, fatigue, post-exertional symptom exacerbation, head- 
aches, and cognitive difficulties, and those who have additional 
postinfectious complications, such as pediatric multisystem in- 
flammatory syndrome (PIMS), acute neurological disease, myocar- 
ditis, and other potential acute or subacute illnesses (27). Although 
the evidence for underlying biomedical causes of the long-term 
impact of SARS-CoV-2 infection in adults is growing quickly, there 


Some children who were hospitalized with COVID-19, as well as some with asymptomatic or mild COVID-19, develop Long Covid. 
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is a paucity of similar studies in children, limiting our understand- 
ing of the disease in young people. Potential mechanisms underly- 
ing Long Covid include viral persistence in tissues, disorders of 
coagulation, immune dysfunction, and autoantibody production 
(21). At the population health level, there is a suggestion that the 
incidence of type 1 diabetes is increased in children with Long 
Covid, although the cause of this is unclear and requires further 
investigation (26). There are currently no longitudinal studies that 
report outcomes for recovery in children. 

A substantial global biomedical research effort, alongside 
cooperation with patients and families, is required to understand 
the long-term impact of Long Covid in children and to develop ef- 
fective services and therapies. Limiting severity of disease through 
vaccination and taking preventive steps to mitigate against 
airborne virus transmission, such as improving indoor ventilation 
in schools, remain important tools to prevent the burden of Long 
Covid increasing in children. This is especially important for low- 
and middle-income countries (LMICs) where additional factors 
such as poor sanitation, overcrowding, and malnutrition pose 
further risks to child health (27). 


What is the role of children in 
transmission of SARS-CoV-2? 


By Deepti Gurdasani® and Christina Pagel” 


There is now unequivocal evidence that children play an impor- 
tant role in the transmission of SARS-CoV-2, particularly within 
school and household settings. The role that a person or group 
plays in transmission is dictated by a combination of exposure 
(how likely they are to get exposed to infection), susceptibility 
(how likely they are to get infected if exposed), and transmissibil- 
ity (how likely they are to transmit to others if infected). Although 
the different contributions of these are difficult to disentangle (28, 
29), the important role of children in SARS-CoV-2 transmission 

is likely due to higher levels of exposure in schools. Early studies 
probably underestimated susceptibility in children (28—30) by 

not considering both lower relative exposure in children during 
periods of lockdown and school closures, and that children are less 
likely to be symptomatic than adults (31, 32), and so are less likely 
to be identified as cases. 

School exposure is high for two main reasons. Schools involve 
hundreds of children mixing daily in crowded indoor spaces that 
are often poorly ventilated, facilitating transmission. Addition- 
ally, infection in children is easily missed because they are more 
likely to have asymptomatic, relatively mild, or atypical symptoms 
compared to adults (31, 32); and they can be harder to test if 
COVID-19 is suspected. Studies have also shown that SARS-CoV-2 
infection may go undetected among children, who can be “silent” 
asymptomatic spreaders in school outbreaks, which then spread 
into the community (33). Contemporaneous surveillance data from 
the UK ONS (based on random COVID-19 testing of households in 
England) (32) showed that symptom-based testing vastly underes- 
timated actual case incidence and prevalence in children. 

The clearest findings about the role of children in community 
transmission come from studies that showed substantial reduc- 
tions and increases in pandemic growth when schools were closed 
and opened, respectively (34). Random survey data from the ONS 
(32) indicate repeated increases in, and spread from, school-age 
children into parental age groups, with increases in infection 
rates in children predating increases in other age groups after 
school opening. Very large studies of adults living with children 
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Children play an important role in SARS-CoV-2 transmission, and so mitigation 
measures at schools are especially important. 


in the US (35), UK (36), and Denmark (37) have shown a higher 
risk of infection among households with children. More recently, 
genomic studies have also confirmed superspreading events within 
schools that then spread infections back into the community (33). 
Fortunately, studies also show that robust multilayered mitigation 
measures within schools can greatly reduce school outbreaks and 
are associated with lower community prevalence (35). 

To reduce the role that children play in transmission of SARS- 
CoV-2, and to limit the impact of COVID-19 on children’s health 
and that of their families, it is important to reduce exposure and 
transmission through safer school environments (improving air 
quality through investing in better ventilation and air cleaning), 
using N95/FFP2 masks during high or increasing community 
transmission, vaccination, accessible case ascertainment (e.g., sa- 
liva testing), and public information on how to make homes safer 
environments. Key areas of future research include understanding 
reinfections in children (How often do they occur? What are the 
risks of Long Covid or severe disease?); variant-specific effects on 
immune escape, reinfection, and transmission; and developing 
vaccines or boosters that are safe for children but provide longer 
protection against infection, particularly for under-12s; quantifying 
the long-term benefits of reduction in airborne disease; and better 
air quality, through investment in cleaner air in schools. 
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The importance of vaccinating 
children against COVID-19 


By Peter Hotez!234.5.1617 


The rationale for vaccinating children is clear: The recent waves of 
COVID-19 caused by the Delta and Omicron variants have taught 
us that infections with SARS-CoV-2 are not as benign for children 
as previously thought. In the US, more than 1200 children have 
lost their lives due to COVID-19 since the pandemic began (38), 

a number equivalent to or higher than the 300 children who die 
annually from all vaccine-preventable illnesses (39). Globally, the 
United Nations Children’s Fund (UNICEF) reports that ~17,000 
children and adolescents have lost their lives to COVID-19, with 
~50% of those being under the age of 10 years (40). However, this 
number is based on 4.4 million overall global COVID-19 deaths 
from 91 countries, which is generally considered an underestimate. 
The new World Health Organization determination of 14.9 million 
excess global deaths (47), together with a UNICEF finding that 
0.4% of COVID-19 deaths occur among children and adolescents 
(40), could suggest that as many 60,000 children and adolescents 
have died so far. This number would place pediatric COVID-19 
deaths on par with those caused by some other vaccine-prevent- 
able diseases such as pediatric meningitis and other illnesses 
caused by the bacterium Haemophilus influenzae type b (Hib) and 
almost as high as measles-related deaths (42). 

COVID-19 vaccines are now approved or increasingly available 
for immunizing children over the age of 6 months. Beyond their 
potential to reduce deaths from COVID-19 are the actual measured 
benefits of vaccinating children. In the US Delta variant wave in 
the summer-fall of 2021, most hospitalizations occurred among 
unvaccinated adolescents—only 8% of hospitalized adolescents 
were fully vaccinated—although this number rose to just over 
20% when Omicron infections first accelerated in the final month 
of 2021 (43). Another study found that two doses of the Pfizer- 
BioNTech mRNA COVID-19 vaccine were over 90% effective at 
protecting against MIS-C (44). Vaccinated children are also less 
susceptible to COVID-19 infection overall (45), although the cur- 
rent vaccines are less effective in children against symptomatic 
infection with the Omicron variant (46). Still missing are data 
on vaccinating children to prevent Long Covid or its neurologi- 
cal complications. However, based on evidence from adults, some 
pediatric societies currently advocate for pediatric COVID-19 
vaccinations on this basis (47). Also lacking are studies on vaccine 
access, equity, and effectiveness for children with intellectual and 
developmental disabilities. Additionally, extensive pharmacovigi- 
lance studies in the US and Europe have so far confirmed the 
safety of pediatric COVID-19 immunizations, but such studies need 
to be extended to LMICs. 

Despite the benefits of pediatric COVID-19 vaccinations and the 
enthusiastic support from most pediatric societies, parental ac- 
ceptance for vaccinating their children remains low. For instance, 
in many US Southern states, only 14 to 15% of children aged 5 to 11 
have received a COVID-19 vaccination. Adding to these concerns 
is rising antivaccine activism that targets all pediatric vaccina- 
tions, including those for COVID-19. Therefore, there is urgency to 
accelerate educational efforts for parents about the seriousness of 
COVID-19 infections in children and the positive health impact of 
immunizations. In parallel, expanded studies on vaccine effective- 
ness are needed for pediatric COVID-19 vaccinations. This is true 
for both the recently authorized mRNA vaccines and newer and 
next-generation platform technologies (including universal coro- 
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navirus vaccines). These vaccines might eventually be incorporated 
into routine childhood immunization programs to avoid future 
coronavirus infection vulnerabilities among new birth cohorts. 
Pediatric COVID-19 immunizations must be prioritized by policy- 
makers and practitioners committed to global child health. 


Original antigenic sin and 
childhood immune responses 
against SARS-CoV-2 


By Sarah Cobey" and Scott E. Hensley'® 


Children’s first exposures to SARS-CoV-2, whether through infec- 
tion or vaccination, might shape the specificity of their immune re- 
sponses to SARS-CoV-2 variants for the rest of their lives. Previous 
studies on influenza virus infections may inform how childhood 
SARS-CoV-2 infections affect long-lived immunity. Thomas Francis 
Jr. coined the phrase “original antigenic sin” in 1960 to describe 
the observation that antibody responses elicited by childhood in- 
fluenza virus infections can be recalled later in life upon exposure 
to antigenically distinct influenza viruses (48). This recall can lead 
to different patterns of antibody specificity among individuals ex- 
posed to the same influenza virus strain. But it remains uncertain 
whether de novo immune responses to new antigens are dimin- 
ished by these previous exposures and recalled immune memory. 
The specificity of antibody responses to influenza virus arises from 
targeting different epitopes. Often, these responses target epitopes 
that are conserved between contemporary and childhood viral 
strains. This bias can be beneficial when antibodies are neutral- 
izing, but potentially detrimental when these epitopes change in 
the virus, leading to a loss of antibody recognition and greater risk 
of infection (49). Evidence suggests that variation in risk of medi- 
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Vaccination of children and adolescents can prevent death and severe disease 
and may also reduce the occurrence of Long Covid. 


cally attended influenza virus infection and vaccine effectiveness 
between influenza seasons and age groups arises partly from these 
idiosyncratic interactions with immune memory (50-54). 

Is original antigenic sin relevant to COVID-19 vaccination 
and SARS-CoV-2 infections of children? Although the answer is 
currently unknown, it is likely that the specificity of antibody 
responses to a SARS-CoV-2 variant is influenced by exposure his- 
tory. For example, Omicron infection elicits a broader neutralizing 
antibody response in vaccinated adults compared to those who 
are unvaccinated, leading to higher neutralizing antibody titers 
to Omicron and Delta strains in vaccinated individuals (55). The 
specificity and magnitude of antibodies elicited by SARS-CoV-2 
infection appear to be influenced by vaccination status (56), but 
it is difficult to interpret differences in immune data between 
vaccinated and unvaccinated individuals because unvaccinated 
individuals typically encounter more antigen during their infec- 
tions. Furthermore, it is unknown how different exposures affect 
immune memory over the long term in children and adults. 

To understand the role of antigenic sin in SARS-CoV-2 immunity, 
it is important to continue to investigate the magnitude, specificity, 
and functionality of B and T cell responses elicited by sequential 
SARS-CoV-2 exposures in animal models and humans. It will also 
be important to directly compare different types of SARS-CoV-2 vac- 
cines in people with different exposure histories. For example, mRNA 
vaccines might promote better de novo responses than some other 
vaccine platforms in individuals with prior SARS-CoV-2 immunity 
because these vaccines elicit very long-lived germinal centers (where 
B cells evolve to become high-affinity plasma cells that produce 
specific antibodies) (57) that prolong the availability of antigens to 
both naive and memory B cells. Longitudinal studies are important 
to elucidate the short- and long-term effects of different SARS-CoV-2 
exposures on immune memory, infection risk, and vaccine effective- 
ness in children. 
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Understanding myalgic encephalomyelitis 


Myalgic encephalomyelitis and Long Covid have overlapping presentation 


By Sonya Marshall-Gradisnik 
and Natalie Eaton-Fitch 


yalgic encephalomyelitis/chronic 
fatigue syndrome (ME/CFS) is a 
severe condition characterized by 
post-exertional neuroimmune ex- 
haustion (PENE) accompanied by 
neurological, immunological, gas- 
trointestinal (GI), and mitochondrial distur- 
bances (7). The global prevalence of ME/CFS 
is ~1%, affecting 17 million to 24 million peo- 
ple (2). ME/CFS is heterogeneous not only 
in symptom presentation but also illness 
trajectories, which can be worsening, pla- 
teauing, improving, or relapsing-remitting. 


with functional MRI (fMRI) and regression 
of white matter was associated with auto- 
nomic nervous system (ANS) measures in 
ME/CFS, including sleep disturbances and 
respiratory rate, which may lead to other 
symptoms, including pain, fatigue, impaired 
concentration and memory, and sensory 
and motor dysfunction (6). Such neurologi- 
cal symptoms are also commonly reported 
by Long Covid patients, and brain MRI has 
shown higher gray matter volumes in hip- 
pocampi that correlated with memory loss, a 
result also reported in ME/CFS (4). Overall, 
the underlying mechanism resulting in these 
MRI findings is unclear. Nonetheless, MRI 
and fMRI are important techniques to help 


elucidate the pathology of ME/CFS, as well 
as Long Covid. 

Many ME/CFS and Long Covid patients 
report GI symptoms, including abdominal 
pain, nausea, constipation, and diarrhea as- 
sociated with changes to motility (in which 
the activity of nerves and muscles of the GI 
tract are impaired) and dysbiosis (imbal- 
anced gut bacteria) (7). Dysregulated gut- 
brain signaling is proposed to play a role 
in the neurological dysfunction observed in 
patients with ME/CFS. For example, produc- 
tion of neurotransmitters such as serotonin, 
dopamine, and y-aminobutyric acid by en- 
teroendocrine cells can be stimulated by in- 
testinal bacteria through the production of 


Approximately 25% of patients with 
ME/CFS are considered severe and 
are bound to their homes. Although 
the etiology of ME/CFS is elusive, a 
large proportion of patients (~60%) 
report post-infectious onset, such 
as after Epstein-Barr virus infec- 
tion (3). The recent emergence of a 
chronic post-infectious condition, 
called Long Covid, overlaps consid- 
erably with ME/CFS in immunologi- 
cal, mitochondrial, and neurological 
dysfunctions (4). These similarities 
have resulted in increased inter- 
est and acceptance of ME/CFS as a 
disease and may stimulate research, 
the development of a diagnostic test, 
and pharmacotherapeutic interven- 
tions in ME/CFS that may be applied 
to Long Covid. 

Neurological disturbances such 
as cognitive impairment, autonomic 
dysfunction, altered pain and sen- 
sory perception, and sleep distur- 
bances are essential for diagnosis of 
ME/CFS and are commonly reported 
in Long Covid (see the figure). The 
World Health Organization (WHO) 
categorizes ME/CFS as a disease of 
the nervous system. Neuroimaging 
of ME/CFS patients has revealed 
anatomical, neurochemical, and 
functional brain changes. For ex- 
ample, brain magnetic resonance 
imaging (MRI) found global gray 
and white matter volume changes 
and also differences in the cortical 
and subcortical regional volumes 
in ME/CFS patients (5). Impaired 
brainstem connectivity identified 
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Proposed mechanisms underlying ME/CFS 
Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) 
presents as a range of symptoms that affect multiple organ systems. 
Enteric dysbiosis, neurological and immune dysfunction, as well as 
impaired mitochondrial function are implicated in the pathomechanism 
of ME/CFS. These symptoms also occur in Long Covid, although with 
differing prevalence. 
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neurotransmitter precursors, which 
may influence memory, cognition, 
mood, and sleep (8). However, this 
does not explain other symptoms, 
such as neurosensory and autonomic 
dysfunctions. Instead, the presence 
of GI dysregulation, through pro- 
posed disturbances in GI nerve and 
consequently smooth muscle activ- 
ity, emphasizes the involvement 
of impaired ANS regulation in the 
symptomatology of ME/CFS. Yet, GI 
symptoms and irritable bowel are 
not specific to ME/CFS. An analysis 
reported that the role of dysbiosis 
and intestinal barrier permeability 
in ME/CFS and post-infectious syn- 
dromes remain unclear, and results 
are often unequivocal. Thus, further 
investigation using larger cohorts 
and consistent inclusion criteria is 
required; confounding variables such 
as irritable bowel disease should also 
be accounted for (7, 8). 

Cross talk between the nervous, 
GI, and immune systems has been 
reported in other post-infectious 
disease states, such as Long Covid. 
Pathological interactions between GI 
disturbances and the immune sys- 
tem may result from translocation 
of immunogenic bacteria into the 
bloodstream of ME/CFS patients (9). 
Immune dysfunction is a key feature 
of ME/CFS, and many symptoms in- 
dicate chronic immune activation— 
for example, persistent sore throat, 
tender and enlarged lymph nodes, 
and fever. The consistent findings of 
immune dysfunction, demonstrated 
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through aberrations in function and number 
of B- and T-lymphocytes and natural killer 
(NK) cells, suggest that ME/CFS is better 
classified as a neuroimmune disorder (4). It 
has also been suggested that ME/CFS is an 
autoimmune condition (J0). A small num- 
ber of studies in ME/CFS patients reported 
autoantibodies to neuroendocrine receptors 
and elevated CD20* and CD21* B lympho- 
cytes, which are both commonly increased 
in patients with autoimmune diseases (J0). 
No additional evidence of ME/CFS as an 
autoimmune disease has been reported. 
Furthermore, in a large ME/CFS cohort, clin- 
ical trials that used B-lymphocyte depletion 
found no improvement in symptoms (JJ). 
Changes in surface receptors, lytic proteins, 
degranulation, protein kinase phosphoryla- 
tion, and cytokine production suggest that 
immune cell exhaustion plays a role in im- 
munological symptoms of ME/CFS, includ- 
ing susceptibility to infection (12). Notably, 
T lymphocyte exhaustion also plays a role in 
recovery from COVID-19 and is associated 
with more severe outcomes for COVID-19 
patients, and they persist in Long Covid. The 
only consistent immunological finding in 
ME/CFS patients is impaired NK cell cyto- 
toxicity, which should be investigated further 
to understand the pathology of ME/CFS (72). 

Immune dysfunction, cognitive and GI 
disturbances, and PENE in ME/CFS and 
Long Covid have been suggested to be as- 
sociated, at least in part, with mitochondrial 
dysfunction. These include changes in mi- 
tochondrial structure, DNA, membrane po- 
tential, respiratory function, reactive oxygen 
species (ROS), antioxidant defense, metabo- 
lites, and coenzymes in plasma, urine, pe- 
ripheral blood mononuclear cells (PBMCs), 
and isolated immune cells (9, 73). Changes 
in metabolite concentrations suggest dis- 
turbances in cellular energy production (9, 
13). Conversely, mitochondrial adenosine tri- 
phosphate (ATP) concentrations and abso- 
lute ATP synthesis rates remained unchanged 
in PBMCs from ME/CFS patients compared 
with healthy controls (9). These findings are 
limited by the inclusion of patients who were 
diagnosed using criteria with low sensitivity 
for ME/CFS. Mitochondrial disturbances in 
both Long Covid and ME/CFS are believed 
to contribute to loss of cell activity. For exam- 
ple, lymphocytes exhibit impaired oxidative 
phosphorylation and increased ROS, con- 
tributing to immune exhaustion. However, 
further research is required to validate mi- 
tochondrial dysfunction as a biomarker of 
illness in patients with ME/CFS because 
current evidence is insufficient to determine 
causation. 
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An overlapping feature of these disrup- 
tions to the nervous, GI, and immune sys- 
tems is calcium (Ca?*) signaling. Ca?* is a 
universal second messenger that affects nu- 
merous biological processes in all cell types 
(9). Transient receptor potential (TRP) chan- 
nels are a superfamily of nonselective ion 
channels with high permeability to Ca. 
Notably, TRP channels are widely expressed 
by cells composing multiple organ systems, 
including the nervous, musculoskeletal, car- 
diovascular, and GI systems, all of which are 
associated with symptoms reported by ME/ 
CFS and Long Covid patients. The occurrence 
of ME/CFS as a result of abnormal ion chan- 
nel function (a channelopathy) gained inter- 
est in the 1990s, and recently, TRP ion chan- 
nels have been implicated in not only ME/ 
CFS but also the pathology of Long Covid 
(4). Single-nucleotide polymorphisms have 
been identified to impair TRPM3 (also called 
melastatin) ion channel function and Ca?* 
mobilization in NK cells of ME/CFS patients 
(9, 12). Impaired TRP channel function and 
Ca** signaling is likely to impede cell and mi- 
tochondrial function, resulting in cognitive, 
immune, and GI manifestations. There is no 
animal model of ME/CFS; thus, NK cells pro- 
vide an accessible cell model with which to 
investigate TRP pathology in vitro. However, 
alterations in TRP ion channels are yet to be 
validated as an underlying cause of ME/CFS. 

The difficulty in identifying the mecha- 
nism of ME/CFS means that there are lim- 
ited internationally accepted treatments for 
patients. Rintatolimod is an immunomodu- 
latory drug that is used off-label to restore 
NK cell cytotoxicity in ME/CFS to improve 
symptoms associated with immune exhaus- 
tion, such as persistent sore throat and ten- 
der lymph nodes. However, because only 
mild improvements have been reported in 
~40% of 412 patients across several clini- 
cal trials, rintatolimod has received orphan 
drug designation in the United States and 
is approved for severe cases of ME/CFS 
in limited countries (/7). Other treatment 
interventions include antivirals, immuno- 
modulators, analgesics, nutritional supple- 
ments, cognitive behavioral therapy, and 
graded exercise therapy to target specific 
symptoms. But a review reported insuffi- 
cient evidence of the effectiveness of these 
interventions in improving symptoms (17), 
and many patients report susceptibility to 
side effects, thus posing further challenges 
to their care and studies of effective drugs 
(14). The lack of consistent findings is at- 
tributed to a low number of study samples, 
the use of nonspecific criteria for partici- 
pation, and absent reporting of confound- 
ing variables, such as polypharmacy. More 
recently, promising results for the off-label 
use of low-dose naltrexone (LDN), an opi- 


oid receptor inhibitor used to treat drug 
and alcohol addiction, have been reported. 
Treatment of ME/CFS patients with LDN 
restored TRPM3 ion channel dysfunction in 
NK cells (77). Furthermore, 73.9% of 218 ME/ 
CFS patients routinely taking LDN reported 
improved sleep and reduced pain and neu- 
rological disturbances (75). Although there 
is potential benefit in applying repurposed 
therapeutics in the treatment of ME/CFS, 
clinical trials are required to substantiate 
these claims. 

An important research challenge is the 
lack of a validated biomarker, laboratory- 
based test, and animal model, likely attrib- 
uted to inconsistency in protocols, such as 
cell isolation, sample type, and technique. 
These challenges provide important lessons 
for research of Long Covid. By developing in- 
terdisciplinary and consistent research pro- 
tocols, the pathomechanism of ME/CFS and 
Long Covid can be elucidated. The recent in- 
terest in the overlap that exists between ME/ 
CFS and Long Covid poses several questions, 
such as whether Long Covid predisposes a 
person to ME/CFS, and whether an indi- 
vidual has Long Covid or ME/CFS. Research 
into the etiology of ME/CFS and Long Covid 
should simultaneously identify the mecha- 
nism and diagnostic approach to both. ME/ 
CFS poses a substantial health concern and 
has recently been taken more seriously since 
the emergence of Long Covid, and renewed 
focus on diagnostic, research, and treatment 
practices is needed. 
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Chiral light sources get a helping hand 


Resonant metasurfaces pave the way for more compact sources of pure chiral light 


By Andrew Forbes 


hirality describes the inherent “hand- 

edness” of many physical systems— 

from the left-handed amino acids that 

form the building blocks of life to the 

right-handed spiral staircases in the 

medieval castles of Europe. Light, too, 
can be chiral, manifesting as right-circular or 
left-circular polarization states, in which the 
electric field rotates clockwise or anticlock- 
wise in time and traces out a spiral 
trajectory as it propagates through 
space. Despite the impressive tech- 
nological progress since the discov- 
ery of light’s chirality hundreds of 
years ago, the practical challenge of 
producing chiral light from a com- 
pact source remains elusive. This 
is because the chiral interaction of 
light and matter is typically very 
weak and thus requires the use of 
bulky materials. On page 1215 of this 
issue, Zhang et al. (1) demonstrate a 
metasurface that acts as a tiny and 
controllable source of pure and di- 
rectional chiral light. 

Around the turn of the 20th cen- 
tury, English physicist John Henry 
Poynting correctly argued that circu- 
larly polarized light must carry spin 
angular momentum (SAM) analo- 
gous to the angular momentum of 
spinning tops. This SAM was later ex- 
perimentally confirmed by American 
physicist Richard Beth. The subse- 
quent development of atomic phys- 
ics revealed that light can also carry 
orbital angular momentum (OAM), 
which is linked to the spatial struc- 
ture of light (2) and characterized by 
twisted helical wavefronts and spi- 
raling energy flows (3). This OAM of 
light, same as the SAM, has a hand- 
edness based on a clockwise or anticlockwise 
twist, which gives positive or negative OAM 
to each photon. 

These two forms of angular momenta 
in light, SAM and OAM, are often found 
together and add up to the total angular 
momentum the light carries, although the 
contribution of each to the total cannot be 
easily discerned. To complicate things fur- 
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When nanopillars on 
the metasurface are 
perfectly round and 
upright, they trap the 
light, making it useless 
as a light source. 


ther, the “chiral” SAM and the “twisted” 
OAM also interact with each other through 
a process known as spin-orbit coupling, 
which occurs in even the simplest of optical 
systems (4). Luckily, this process can also be 
harnessed to control the handedness of one 
component by manipulating the other. 
Many potential applications can benefit 
from the ability to control the handedness 
of chiral and twisted light. For example, in 
optical communication, OAM could offer a 


A high-purity miniature chiral light source 
With potential applications in communications and sensing, a compact 
chiral light source with high purity in handedness has been elusive. 
Zhang et al. improved on existing design for a resonant metasurface 
that acts as a miniature chiral light laser. 


Changing the shape 
and orientation of the 
nanopillars breaks their 
symmetry, which allows 
the metasurface to 
release the chiral light. 


new dimension for encoding information. 
However, unlike the evident chiral asymme- 
try found in amino acids and castle stair- 
cases, light has no handedness preference. 
One can exploit excited atoms to produce 
light with a twist, either directly for OAM 
light or by modulating atoms by use of ex- 
ternal magnetic fields, triggering SAM chi- 
ral light emission along the direction of the 
field. However, these approaches tend to 
require inconveniently intricate, inefficient, 
and bulky device designs. 


Zhang et al. further 
break the symmetry 
by tilting the pillars. 
The design produces 
chiral light with much 
higher selectivity. 


For many applications, a light source 
must have compact integrated photonic 
solutions that are small. To this end, mi- 
crosize OAM lasers have achieved handed- 
ness control with the help of a chiral pump 
light source (5), the use of symmetry in 
microring lasers (6), and chiral-controlled 
nanoscale metasurfaces (7). However, be- 
cause of the weak chiral interaction of light 
and matter, existing designs for producing 
chiral (SAM) light do not lend themselves 
to such miniature solutions. 

One promising approach to over- 
come the weak chiral light-matter 
interaction is to create artificial ma- 
terials made from so-called “meta- 
atoms.” These are not atoms in the 
usual sense. Instead, they are nano- 
structures that can be used to build 
desired three-dimensional (3D) 
metamaterials or 2D metasurfaces. 
These meta-atoms for enhancing 
chiral response have seen tremen- 
dous progress of late (8), but ultra- 
compact solutions that offer high- 
purity chiral light have remained 
elusive (9), particularly for laser ap- 
plications (10). 

Zhang et al. tackle the problem 
with what at first seems a para- 
doxical approach. Their design uses 
an electromagnetic state that lies 
within a so-called bound state in the 
continuum (BIC). The BIC refers to 
a state in which light of a certain fre- 
quency is trapped bouncing around, 
such as inside a carefully designed 
structure of nanopillars with a high 
level of symmetry (9). Such BICs 
come with many benefits, including 
enhanced amplification and chiral 
filtering. However, to be useful as 
a chiral source, the trapped light 
must be freed. To achieve this, one 
can break the necessary symmetry for BICs 
at some desired frequency, which will make 
the light only partly bound. 

The trade-off between the benefits of ra- 
diation (letting out the light) and the ability 
to manipulate the light property is a fine bal- 
ancing act. This trade-off can be controlled 
by changing the nanopillar arrays. Previous 
research efforts have tried changing the ori- 
entation angle of the individual oval-shaped 
pillars by rotating them as viewed from the 
top (see the figure). However, the common 
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problem with this approach is that it results 
in incoherent broadband emissions with 
low purity (10). 

Zhang et al. solve this by finding an ad- 
ditional way to change the nanopillars for 
manipulating the light. They tilt the oval- 
shaped pillars so that they are all at an 
angle. The combined symmetry breaking of 
the rotation and forward tilt of the pillars 
brings the chiral filtering action of the BIC 
to coincide with the frequency at which the 
partly bound BIC radiates. They show a way 
to calculate the optimal tilt angle for chi- 
ral light with >99% purity in handedness. 
Moreover, because the nanopillar metasur- 
face is resonant to certain frequencies of 
light, it also acts like an amplifier for pro- 
ducing a laser. And because lasers prefer to 
output the dominant optical mode—the one 
with either the highest gain or the lowest 
loss—the resulting competition of the left- 
and right-handed states further enhances 
the chiral purity as the more dominant 
handedness suppresses the other. 

The ability to control and harness chi- 
ral light in compact micro- and nanosize 
structures is still very much in its infancy. 
The device by Zhang et al. marks the first 
demonstration of a high-purity chiral mi- 
crolaser and is the first to offer controlled 
handedness through its metasurface design. 
However, the emerging ability to tailor the 
functionality of metasurfaces in a rewritable 
fashion (17) may allow optically switchable 
chirality directly from on-chip sources. The 
powerful demonstration of chiral control 
by Zhang et al. will surely motivate further 
studies toward extending this to other de- 
grees of freedom of light, with the promise 
of full on-chip control of structured light by 
structured matter. This is an exciting pros- 
pect for future optoelectronics and opto- 
magnetic devices, where control beyond the 
intensity of light is gaining traction (72, 13), 
which is crucial to moving photonics closer 
in functionality to that of electronics. 
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CLIMATE CHANGE 


EI Nifio’s role in changing fauna 


Past faunas show how El Nino frequency affects eastern 


Pacific community structure 


By Daniel H. Sandweiss!? and 
Kirk A. Maasch?3 


1 Nifio-Southern Oscillation (ENSO) 

is a major driver of interannual cli- 

mate variability in the Pacific basin 

and plays a pivotal role in global 

climate (7). Among the many ENSO 

phenomena are the eastern Pacific 
events—commonly known as El Nifo, 
which is synonymous with “baby Jesus” 
in Spanish, a name that reflects its oc- 
currence around Christmastime. Because 
of the far-reaching consequences of these 
global climate phenomena, it is important 
to understand and predict the frequency 
and magnitude of El Nifio events and their 
impact on resources. On page 1202 of this 
issue, Broughton et al. (2) provide an eval- 
uation of El Nifio’s effects on vertebrate 
fauna over 12,000 years and character- 
ize the intensity of human exploitation of 
these resources. 

Climate modelers mostly predict an 
increase in El Nino events under global 
warming (3). However, these models need 
to be tested against data from the past, and 
written documentation only goes back to 
the mid-1800s. Because of this, the vali- 
dation of long-term climate models often 
requires paleo records, many of which 
come from natural archives, including ice 
cores, lake cores, ocean cores, and corals. 
Archaeological records also offer insights 
into past climate at the local scale, often in 
areas and/or time periods that lack high- 
resolution natural archives. Broughton et 
al. reverse this approach by analyzing fau- 
nal remains from Abrigo de los Escorpiones 
in Baja California, Mexico, in comparison 
to a proxy record of past El Nifo events. 
The authors use artifact counts as a proxy 
for human activity. 

The site at Escorpiones offers the longest 
and best-resolved terrestrial record avail- 
able to relate faunal change with fluctuat- 
ing El Nifio frequency, here derived from a 
record of sedimentation in Lake Pallcacocha 
in Ecuador (4). Broughton et al’s analysis of 
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their data revealed several important obser- 
vations. They found that when El Nino was 
infrequent, particularly from 5 thousand to 
7 thousand years (ka) ago, the fauna was 
highly variable and human activity was high. 
When El Nino reached a frequency above 
five events per century, vertebrate fauna was 
relatively stable, with low marine and high 
terrestrial productivity and decreased hu- 
man activity. This makes sense because El 
Nifio decreases nutrient upwelling off the 
coast of Baja California (5), which reduces 
marine biomass and increases precipitation 
(6). When marine resources become less 
abundant, human predation can be expected 
to have a greater effect on the scarcer marine 
fauna. Other studies have established ways 
to recognize overpredation in archaeologi- 
cal specimens, such as the observed effects 
of human predation on mollusk growth (7). 
Future studies can further explore these rela- 
tionships, such as those between overpreda- 
tion and declining productivity. 

There have been similar studies based 
on archaeological records from the coast 
of Peru, which shares similar geographical 
features with Baja California. Both are arid 
deserts fronting a highly productive ma- 
rine ecosystem that is supported by intense 
nutrient upwelling. Similar to its effects in 
Baja California, El Nifo also reduces up- 
welling and brings torrential rainfall to 
Peru (8). The first indicators of past vari- 
ability in El Nifio frequencies came from 
the biogeography of archaeological mol- 
lusks, which was later supplemented with 
fish biogeography and stable-isotope anal- 
yses of mollusks (9) and fish otoliths (70). 
At Escorpiones, Broughton et al’s results 
from molluscan biogeography and isotopes 
support the same historic frequencies of 
the El Nifo record, but more such work 
would add nuance to that record. 

The effects of El Nifio frequency on 
marine fauna are not limited to the 
Escorpiones site and have been recog- 
nized elsewhere. For instance, a previous 
study found that in the 1900s, the aver- 
age temperature of the Pacific was driven 
by El Nino frequency and correlated with 
a 50-year cycle in the relative abundance 
of sardines and anchovies, two species of 
tremendous economic importance (/7). In 
coastal Peru, the reorganization of both 
molluscan and fish faunas accompanied 
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Broughton et al. show how El Nifio has affected marine biomass output and human activities over the past 12,000 


major transitions in El Nino frequency at 
5.8 and 2.9 ka ago and led to the recogni- 
tion of these frequency changes using ar- 
chaeological records (8). 

The results from Broughton et al. have 
clear implications for understanding the 
faunal response to El Nino frequency, 
which is likely to increase in the coming 
decades because of global warming (1). The 
Escorpiones faunal record also reflects well- 
known climate transitions in the past that 
placed Escorpiones in a broader context. 
One of the strongest climate signals over 
the past 12,000 years occurred at about 5 
to 6 ka ago, when global climate change 
was characterized by polar cooling, tropi- 
cal aridity, and major atmospheric circula- 
tion changes (12). In the context of global 
change, El Nifo returned at low frequency 
to the Peruvian coast around 6 ka ago after 
a multimillennial hiatus or slowdown (8). 
This occurred in the middle of the transition 
in the Lake Pallcacocha record in Ecuador 5 
to 7 ka ago and in the faunal and artifact re- 
cords from Escorpiones in Baja California. 
A few thousand years later, around 2.9 ka 
ago, faunal remains and an ephemeral lake 
record from northern Peru suggest that El 
Nino frequency increased once again (8). 
In sync with this timeline, Broughton e¢ al. 
found that a marine bird, Chendytes lawi, 
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went locally extinct around 2.5 ka ago, likely 
because of the synergistic effects of preda- 
tion and stress from increased El Nifo fre- 
quency during that time. 

The findings of Broughton et al. point 
to important research avenues to increase 
understanding of El Nifio effects on re- 
sources of vital importance to humans. It 
is critical to recover more such long, con- 
tinuous, well-dated records. In Peru, which 
shares many El Nino-related environmen- 
tal characteristics with Baja California, 
there is no known site with an equivalently 
long, continuous, and well-resolved record 
of El Nifio’s impact on faunal resources. 
Future analyses should also include more 
invertebrate and vertebrate species as well 
as isotopic and more-standard zooarchaeo- 
logical criteria (13). 

The economic impact of large magnitude 
El Nino events is devastating in many parts 
of the world, although other regions may 
experience short-term benefits (74). The lat- 
est large-magnitude global event took place 
in 2015-2016 and brought a record-smash- 
ing hurricane season in the central north 
Pacific, water rationing in Puerto Rico, the 
biggest l-year jump in atmospheric car- 
bon dioxide concentrations on record, se- 
vere drought in Ethiopia, and the hottest 
global surface temperature on record up to 


Lae 


years in Northern Baja California. 


that time (/5). El Nifio is sometimes called 
“the naughty child” because of the climate- 
driven disasters it often brings. If the past 
is the key to the future, studies such as that 
of Broughton et al. offer tools for better pre- 
dicting what this naughty child may do in 
the coming centuries. 
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Scaling brain neurogenesis across evolution 


A genetic change could explain increased cortical neurogenesis in modern humans 


By Brigitte Malgrange and Laurent Nguyen 


he neocortex, the outer region of the 

cerebral cortex, is an evolutionarily 

advanced brain structure that is re- 

sponsible for cognitive abilities. It has 

expanded in size and function across 

the mammalian clade (7). The extraor- 
dinary cognitive abilities of humans are 
thought to rely on brain size (and thus the 
number of neurons) and the intricate cyto- 
architecture of the neocortex. The expansion 
and folding of the neocortex have been partly 
attributed to the existence of basal radial 
glial cells (bRGs). These progenitors gener- 
ate most cortical neurons, and their number 
increases in gyrencephalic mammals (which 
have neocortical folds), such as primates and 
ferrets. On page 1170 of this issue, Pinson et 
al. (2) report that expression of a variant of 
human transketolase-like protein 1 (TKTL1) 
increases the number of bRGs in modern hu- 
mans and thereby the output of upper layer 
projection neurons. This genetic change 
could contribute to differences in cognition 
with extinct archaic humans. 

Among the hominids, humans have a 
neocortex that is larger than the neocortex 
of chimpanzees and bonobos and contains 
around twice the number of neurons (3). 
The emergence of human-specific genes 
has contributed to the expansion and rapid 
evolution of the cerebral cortex (4). Recent 
anthropological data obtained from skull en- 
docasts (i.e., casting the skull cavity) suggest 
that Neanderthals share comparable brain 
volume with modern humans (5). Whether 
this reflects an equivalent amount of white 
(i.e., glial cells) and gray (i.e., neurons) mat- 
ter and thus a similar production of the cor- 
responding number of cortical neurons re- 
mains unknown. 

Because human brain fossil records are 
rare, efforts to understand the evolution of 
the neocortex at a cellular and molecular level 
have been limited to comparing living spe- 
cies (6). Observations of the developing neo- 
cortex in humans, nonhuman primates, and 
carnivores reveal how differences in neural 
progenitor cell populations can result in the 
variable size and shape of neocortices. Most 
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current knowledge about the cellular and 
molecular mechanisms of neocortical devel- 
opment is based on experimental analysis of 
mouse models, whose neocortex exhibits key 
features that are generalizable to mammals, 
including a six-layered organization and 
separation into specialized regions. However, 
mice are not gyrencephalates, and their small 
size limits their relevance to human cortico- 
genesis. Increases in neocortical surface and 
brain volume in gyrencephalates result from 
expanding progenitor cells in the outer sub- 
ventricular zone during development (7-9). 
To what extent this cellular mechanism has 
been progressively established during the 
evolution of the genus Homo remains un- 
known. Pinson et al. elegantly explored this 
question by combining analyses of human ce- 
rebral organoid cultures with in vivo studies 
of mouse, ferret, and human brains. 


What makes the modern human brain 
distinctive? Pinson et al. compared genomic 
sequences from modern with those of archaic 
humans, the Neanderthals. They found that 
an amino acid substitution encoded in the 
TKTLI gene of modern humans (ATKTLI) 
compared with the corresponding archaic 
human sequence (aTKTLI). TKTLI encodes a 
key enzyme in the nonoxidative branch of the 
pentose phosphate pathway (PPP), an essen- 
tial metabolic pathway for acetyl-coenzyme 
A (acetyl-CoA) generation, which is used in 
fatty acid synthesis. TKTL1 has mainly been 
studied for its contribution to tumor metabo- 
lism because it acts as an enhancer of aerobic 
glycolysis (10). Notably, a TKTL1 variant has 
recently been associated with neurodevelop- 
mental disorders (11). 

To decipher the role of TKTLI during 
embryonic neurogenesis, Pinson et al. took 


A genetic change increases human corticogenesis 

Asingle Lys-to-Arg substitution in transketolase-like protein 1 (TKTL1) in modern humans (hTKTL1) compared 
with Neanderthal (aTKTL1) alters the metabolism of basal radial glial cells (bRGs). Expression of the hTKTL1 
variant increases the number of bRGs and the upper cortical layer neuronal population. This is thought to 


contribute to the increased cognition of modern humans. 
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aRG, apical radial glial cell; bIP, basal intermediate progenitor; dCP, deep cortical 
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advantage of the mouse brain, which lacks 
expression of TKTLI1, and overexpressed 
hTKTL1 or aTKTL1 in the apical progenitors 
that give rise to bRGs and neurons. They 
demonstrated that only hTKTL1 selectively 
promotes the proliferation and expansion of 
bRGs in the mouse embryonic brain. hTKTLI 
messenger RNA (mRNA) is also abundantly 
expressed in apical radial glia, but its overex- 
pression does not affect this cell population. 
Moving to the gyrencephalic ferret neocor- 
tex, which endogenously expresses aTKTL1, 
Pinson et al. also showed that the bRG popu- 
lation was increased when hTKTLI was over- 
expressed. Moreover, disrupting hTKTL1 ex- 
pression in fetal human neocortical tissue in 
vitro reduced bRG abundance, whereas gene- 
edited human embryonic stem cells express- 
ing aTKTLI exhibit reduced bRG and neuron 
generation compared with those expressing 
hTKTLI (see the figure). 

What makes hTKTLI functionally distinct 
from aTKTL1? Pinson et al. showed that 
hTKTL1 acts through the PPP. Whether 
aTKTL1 plays the same role has not been 
determined. The authors showed that over- 
expression of hTKTLI1 but not aTKTL1 sig- 
nificantly increased acetyl-CoA amounts in 
bRGs. Together, the results support the hy- 
pothesis that hTKTL1 promotes the prolifera- 
tion of bRGs, a cell population characterized 
by long basal processes that especially require 
high amounts of fatty acids. This mechanism 
could represent one crucial driver of brain 
evolution between ancestral and modern hu- 
mans. Recently, an archaic amino acid sub- 
stitution in the RNA splicing factor neuro- 
oncological ventral antigen 1 (NOVA1) was 
found to substantially alter cell proliferation 
and synaptogenesis in human brain organ- 
oids (12). Together, these observations open 
the path to discovering more-specific evolu- 
tionary changes that shaped the modern hu- 
man brain and may also help us predict the 
next steps of its evolution. & 
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PLANET FORMATION 


Three types of 
planets orbit 
red dwarfs 


Precise densities of 

red dwarf exoplanets 
help distinguish 
potential “water worlds” 


By Johanna Teske 


mall planets orbiting faint red stars 

less than half the size of the Sun are 

numerous and could be the best places 

to search for signatures of life (J). 

However, the detailed compositions 

of these planets—and the implications 
for how they formed and evolved—have been 
difficult to study because of how far away 
they are from Earth and because of the red 
light that their stars emit. On page 1211 of 
this issue, Luque and Pallé (2) present re- 
fined compositions of small planets orbiting 
around red dwarf stars. They find evidence 
that the planets fall into three main types: 
rocky, watery (including icy), and gassy. This 
result differs from most previous studies of 
small planets that have suggested only rocky 
and gassy types (3, 4). Although the presence 
of watery small exoplanets is particularly en- 
ticing, all three types of planets around red 
dwarfs could present potentially habitable 
conditions for life. 

One of the most important recent findings 
in exoplanet science is the discovery of a bi- 
modal distribution in the size of small planets 
around Sun-like stars (3). This bimodal distri- 
bution is thought to be characterized by plan- 
ets with or without a hydrogen and/or helium 
atmosphere, with the two “modes” being 
gassy and rocky (4). Researchers could distin- 
guish these two planet types on the basis of 
precise measurements of planetary radii and 
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orbital periods using the Kepler space tele- 
scope and the Gaia space observatory. How- 
ever, without knowing the masses of these 
planets, it is difficult to estimate their densi- 
ties and thus know their compositions (rocky 
or gassy) with certainty. Mass measurements 
typically require high-resolution instruments 
on ground-based telescopes, and these mea- 
surements tend to be more constrained to 
exoplanets around brighter host stars. In all, 
only ~10% of detected small exoplanets have 
both radius and mass measurements. 

Luque and Pallé took advantage of newly 
detected planets found around closer, and 
thus relatively brighter, red dwarf stars from 
the Transiting Exoplanet Survey Satellite 
(TESS). Their sample included 34 exoplanets 
with precise radius and mass measurements. 
Based on their sample, they found evidence 
for three different density regimes, which 
include so-called water worlds, with a 50/50 
rock-to-ice ratio, in addition to the rocky and 
gassy planets. Their findings suggest that the 
water world planets tend to form with ice 
and rock far away from the host star before 
migrating to an orbit closer to the host star 
(see the figure). 

The discovery of watery planets in other 
planetary systems is itself not a big surprise 
because water is commonly detected around 
young stars (5). Within our Solar System, 
asteroids and comets left over from planet 
formation are water rich (6), and numer- 
ous moons and dwarf planets have shown 
signs of subsurface oceans and/or ice layers 
(7). Established planet formation models 
have indeed predicted that some planets 
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Rocky, watery and/or icy, and gassy 
planets can all form around a red dwarf star. 


tend to form beyond the ice line—that is, 
at a distance far enough from the host star 
where water exists as ice—before migrating 
closer to the star. With this in mind, it may 
be particularly easy for water-rich planets to 
form around red dwarf stars because those 
planetary systems seem to be more efficient 
at forming planets at far distances and mi- 
grating them inward before they gather too 
much hydrogen and/or helium gas from their 
surroundings and become gassy (8). 

Even if a small planet does form within the 
ice line of a red dwarf system, icy materials 
can still crash into the planet later on, be- 
cause these systems are less likely to have gi- 
ant planets blocking the inward migration of 
icy materials (9). Based on this assumption, 
planet formation models predict that small 
inner planets with one or more giant outer 
planets in the same planetary system should 
be relatively dry (10). This prediction is in 
contrast with the likely origin of Earth’s wa- 
ter, which involves Jupiter deflecting icy ma- 
terials from our outer Solar System toward 
Earth (17). These competing perspectives will 
need to be compared with observations to re- 
veal what dictates the water budgets of small 
planets around other stars and whether our 
Solar System is an exception to the rule. 

There is still debate as to whether small 
planets that orbit close to the host star all 
form by a common pathway, with rocky cores 
and an atmosphere that sometimes is lost be- 
cause of heating from the star and/or inside 
the planet itself. This debate is informed by 
the relationship between planet radius (R,) 
and orbital period (P), where the strength of 
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How small planets form around red dwarf stars 

Planet formation differs among different solar systems. Luque and Pallé present the possible pathways 
for rocky, watery and/or icy, and gassy planets to form around red dwarf stars. Not all red dwarf stars 
have all three types of planets, but they are all shown here around one star for conciseness. 


Rocky planets 

Asmall rocky planet can 
form from the relatively 
dry material close to the 
host star. These planets 
have densities that are 
mostly consistent with an 
Earth-like density. 


Awatery and/or icy 
planet with a 50/50 
rock-to-ice ratio can 
form outside the ice 
line and migrate 
inward toward the 
host star. 


the linear correlation of this relationship is 
a pivotal factor in formation models. For red 
dwarf planets, the results have been mixed, 
with claims for a different (12) or similar (13) 
formation process. Although the RP trend 
found in the red dwarf planets presented by 
Luque and Pallé is also inconclusive, the au- 
thors argue that planet density, which consid- 
ers mass in addition to size, may be a more 
indicative metric. 

Planet density was used in a recent more- 
complex and rigorous study that tested how 
well different mixtures of planet types match 
existing data (J4). This other study modeled 
planet occurrence rates as a function of ra- 
dius, mass, and period and found support 
for models of the observed planet popula- 
tion both with and without water worlds. 
However, the study only considered planets 
around Sun-like stars and not red dwarfs. 
The existing data on Sun-like systems are 
promising for robustly distinguishing planet 
types, but improved data and modeling ap- 
proaches are needed to fully leverage the ad- 
ditional information from small planet densi- 
ties, especially around red dwarf stars. 

According to Luque and Pallé, red dwarf 
systems are capable of forming rocky, wa- 
tery, and gassy planets, and at least some 
of the watery planets are formed past the 
ice line before migrating inward. There will 
be further evidence to test this finding as 
more data become available in the near 
future. Several of the water world planets 
identified by Luque and Pallé already have 
planned observations that will inform re- 
searchers of the presence and compositions 


Ice line 
Temperature is below the freezing 
point of water past this line. 


Gassy planets 

A gassy planet may form similarly to a watery 
and/or icy planet, but it has more mass 
initially and thus is able to gather hydrogen 
and helium around it before migrating 
inward. However, the nature and formation of 
gassy planets are not well settled, and there 
are multiple competing models. 


*Stars and planets not to scale 


of their atmospheres. In the coming years, 
more nearby, small red dwarf planets will 
be observed by both space- and ground- 
based telescopes. Such planets will be favor- 
able targets for atmospheric characteriza- 
tion using the transit method because they 
tend to block a larger relative amount of 
light crossing the face of a small star. Some 
scientists have even claimed red dwarf sys- 
tems as likely candidates for detecting as- 
trobiological signatures of extraterrestrial 
life-forms (/, 15). Leaving aside this possibil- 
ity of discovering alien life-forms, measur- 
ing the compositional diversity of planets 
around red dwarf stars—the most common 
type of star in the Milky Way—is important 
for piecing together the complex puzzle of 
small planets’ formation and evolution. 
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Exclusion cycles: Reinforcing 
disparities in medicine 


Clinical practice, data collection, and medical AI constitute 
self-reinforcing and interacting cycles of exclusion 


By Ana Bracic!, Shawneequa L. Callier??, 
W. Nicholson Price II*5 


ocial exclusion of minoritized popula- 

tions is a pernicious and intractable 

problem across different domains, 

from politics to medical practice. In 

medicine, substantial disparities ex- 

ist in both experiences and health 
outcomes for minoritized populations, with 
origins in systemic racism, implicit bias, 
historical practice, and social determinants 
of health (7, 2). We draw on a theory of “ex- 
clusion cycles” developed in the context of 
nonmedical social interactions (3) to link 
known dominant-group and minoritized- 
group behaviors and demonstrate their 
self-reinforcing interactions. Interlinked 
cycles help reveal why exclusion and racial 
disparities are so intractable in medicine, 
despite efforts to reduce them on the part 
of physicians and health systems through 
strategies focused on individual parts of the 
cycle such as diverse workforce recruitment 
or implicit bias training (7). This framework 
highlights particular dangers that may arise 
through expanding use of big data and ar- 
tificial intelligence (AI)-based systems in 
medicine, making bias especially intracta- 
ble unless tackled directly and early. 

In the prototypical exclusion cycle, anti- 
minority culture gives rise to discrimination 
by some members of the dominant group. 
Navigating spaces that discrimination has 
constrained, some members of the minori- 
tized group respond by developing strate- 
gies such as withdrawal and self-advocacy. 
The dominant group misunderstands and 
may resent many of these strategies, assum- 
ing that they are inherent to the minori- 
tized group rather than an outcome of the 
dominant group’s discriminatory behavior, 
which reinforces antiminority culture and 
feeds discrimination further. 

The exclusion cycle theory, which empha- 


sizes agency on the part of both dominant 
and minoritized group members, maps onto 
problematic dynamics in medical practice 
and research recruitment. We apply our dis- 
cussion of exclusion cycles to minoritized 
patients—and we use the term “minoritized” 
deliberately. Rather than being a minority 
organically, people are often marginalized 
by others and consequently minoritized by 
those with greater social power; individuals 
may subsequently be treated as minoritized 
even if successful despite imbalanced power 
dynamics. Although our principal examples 
come from the extensive empirical work 
on the experience of Black patients and 
research participants in the United States, 
similar exclusion cycles can be found for 
many groups, whether minoritized on the 
basis of race, ethnicity, gender identity, dis- 
ability, some other marker, or a combina- 
tion of them. Exclusion cycles transcend 
specific identities and have the potential to 
cause pervasive problems throughout medi- 
cal practice and research. 


EXCLUSION CYCLES IN MEDICAL PRACTICE 
The clinical encounter 

Patient-provider interactions show self- 
reinforcing exclusion cycles in action (4) (see 
the figure). Medicine has pervasive aspects of 
antiminority culture. Among the best studied 
is perception and treatment of pain in Black 
patients (5). Black patients are frequently be- 
lieved to feel pain less severely, often based 
on the belief that Black patients are bio- 
logically different from white patients (anti- 
minority culture). Accordingly, physicians 
are more likely to prescribe inadequate doses 
of pain treatments (discrimination) (5). Such 
poor and discriminatory treatment may lead 
Black patients to withdraw from treatment 
relationships or engage in self-advocacy in 
future encounters with physicians (response 
strategies) (4). And physicians may readily 
attribute such responses to characteristics 


of the patients themselves, such as minori- 
tized patients being distrustful or noncom- 
pliant (4), rather than interpreting them as 
justifiable responses to discrimination (attri- 
bution error). This error leads to a stronger 
antiminority culture and a refreshed cycle of 
exclusion. Although each separate stage of 
the cycle has been well characterized, even 
sophisticated recent treatments of clinical 
bias do not link the stages into the self-rein- 
forcing cycle (6). 


Research participation and recruitment 

The dynamics of research participation, in- 
cluding those related to big data and AI, can 
display their own exclusion cycles. Antimi- 
nority culture appears in entrenched percep- 
tions of minoritized patients as “inherently 
mistrustful” and thus less interested in re- 
search participation (7). This helps enable 
discriminatory recruitment practices, such 
as lessened efforts to recruit minoritized 
patients directly or reliance on convenient 
but demographically biased samples (8). In 
one big-data study, a putatively race-neu- 
tral convenience sample of perioperative 
patients was in fact 86.7% white, substan- 
tially less diverse than the overall hospital 
system’s 69.8% white patient population 
(8). Minoritized patients, recognizing the 
discriminatory nature of lessened research 
engagement, may be justifiably reluctant 
to participate in research studies, not least 
because of the demonstrated lack of trust- 
worthiness on the part of institutions (9); 
in the same big-data study, Black patients 
declined research participation at nearly 
twice the rate of white patients (8). Finally, 
big-data researchers may erroneously attri- 
bute lessened patient participation not as a 
justifiable reaction to discriminatory prac- 
tices, but rather as an inherent attribute of 
minoritized patients—contributing to and 
strengthening antiminority culture. 


THE IMPACT OF BIG DATA AND Al 

The use of large-scale datasets and sophis- 
ticated machine learning techniques prom- 
ises positive transformation for the health 
system, including by improving diagnoses, 
monitoring patients, and improving quality. 
Nevertheless, big data and AI show disturb- 
ingly similar dynamics of exclusion (see the 
figure)—or surreptitious and problematic 
inclusion in undesirable practices (9)—but 
with the added challenges of automation, 
scale, and the deceptive appearance of ob- 
jectivity. Indeed, AI exclusion cycles are 
especially pernicious because of prevalent 
views that AI systems can decrease bias 


‘Department of Political Science, Michigan State University, East Lansing, Ml, USA. Department of Clinical Research and Leadership, George Washington University School of Medicine and Health 
Sciences, Washington, DC, USA.?Center for Research on Genomics and Global Health, National Human Genome Research Institute, National Institutes of Health, Bethesda, MD, USA. “University of 
Michigan Law School, Ann Arbor, MI, USA.°Centre for Advanced Studies in Biomedical Innovation Law, University of Copenhagen, Copenhagen, Denmark. Email: bracic@msu.edu, wnp@umich.edu 


1158 9 SEPTEMBER 2022 « VOL 377 ISSUE 6611 


science.org SCIENCE 


GRAPHIC: K. FRANKLIN/SCIENCE 


over time as they learn from patient experi- 
ence or decrease physician bias by provid- 
ing a more objective view (J0). We explain 
how AI systems might instead entrench 
bias through exclusion cycles. 

First, antiminority culture. AI systems 
themselves cannot have negative views of 
minoritized groups. But the humans who 
write, validate, and deploy AI may be rac- 
ist or biased, especially given coders’ lack 
of diversity, leading to systems that incor- 
porate antiminority culture (77). Even if AI 
systems are designed by unbiased coders 
striving for neutrality, those systems derive 
data from and exist within a medical sys- 
tem that has its own antiminority culture; 
those views are embedded in the patterns 
that AI learns. Not only do training data 


ses for those patients (8, 72). For instance, 
algorithms trained to detect cancerous skin 
lesions may perform worse on patients 
with darker skin, because the training da- 
tasets principally comprise data from light- 
skinned patients (3). When minoritized 
patients are included in underlying data- 
sets, AI systems are likely to reflect bias in 
their recommendations. For instance, an AI 
system used to recommend follow-up coor- 
dination for patients at high risk of medical 
complications reflected precisely this bias: 
Because it was trained on underlying medi- 
cal practice that provided less care to Black 
patients, the algorithm predicted lower 
risk for Black patients than similarly situ- 
ated white patients—and consequently was 
less likely to recommend interventions (14). 


Medical practice and Al create overlapping exclusion cycles 

Around a generalized structure of the four-step cycle, we depict two interacting exclusion cycles: clinical 
encounters (blue) and artificial intelligence (Al) products that result from, and influence, data surrounding 
those clinical encounters (orange). Each cycle self-perpetuates, but the cycles also interact at various points. 
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used to develop AI reflect a biased system, 
but they also typically inadequately rep- 
resent minoritized patients, based in part 
on insufficient outreach and the inclusion 
challenges highlighted above. Perniciously, 
antiminority culture embedded in data 
hides beneath a veneer of mechanical 
objectivity, which may lead to erroneous 
conclusions that special efforts at inclu- 
sion and equity are unwarranted, or that 
merely increasing dataset size will deal 
with problems of bias (10). 

Second, discrimination. AI systems can 
readily embody bias and discrimination. 
AI based on biased and incomplete data 
is unfortunately likely to be less accurate 
about understudied patients, providing 
lower-quality recommendations and analy- 
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Notably, these biased recommendations do 
not stay relegated to computer systems; in- 
stead, they feed back into the behavior of 
physicians, affecting the cycle of exclusion 
in human-based medical practice. That is, 
the feedback of the exclusion cycle in data 
strengthens the exclusion cycle in care. 
Third, response strategies to negoti- 
ate space constrained by discrimination. 
Members of minoritized communities, facing 
a demonstrably exclusionary medical sys- 
tem, may be understandably less interested 
in participating in big-data research (8, 9). 
Underrepresentation of groups in big data- 
sets has been most thoroughly documented 
in the context of genomic databases and 
genome-wide association studies (12). But 
underrepresentation in other big datasets 


is also pervasive; indeed, a key goal of the 
US National Institutes of Health “All of Us” 
initiative is to develop a more representa- 
tive dataset for precision health (with some 
notable success). How minoritized patients 
will respond to the use of AI remains uncer- 
tain (10); these systems are still being de- 
ployed, and it is too early to know whether 
differences in the quality of recommenda- 
tions will lead to justifiable differences in 
trust and adherence. However, as long as 
discriminatory or poorly performing rec- 
ommendations exist and are coupled with 
ensuing withdrawal or resistance strategies, 
Al’s potential to democratize excellence in 
care is impeded. 

Fourth and finally, the attribution error. 
Minoritized group status is an easy proxy 
for harder-to-observe attributes. Many out- 
comes vary substantially by race (2). Much 
of this variance is due to a system with 
substantial embedded racism and racial 
bias (2), and some of it may be due to jus- 
tifiable minoritized community response 
strategies adopted in response to that sys- 
tem. The outcomes that AI “sees” in data 
will likely vary based on these underlying 
realities—and be augmented by biases and 
response strategies in data collection. In a 
learning AI system, if poor recommenda- 
tions derived from poor initial data result 
in justifiably poor adherence to AI recom- 
mendations as its own response strategy, 
future iterations would be even more bi- 
ased and perform even worse. Putting all 
this together, it would be surprising if AI 
did not attribute differences in patient out- 
comes, and correspondingly in diagnoses 
or recommendations, to minoritized status 
(writ broadly). AI systems are thus likely to 
commit the attribution error themselves, 
at least implicitly, and use race as a prob- 
lematic proxy, directly or indirectly—lead- 
ing to the next bout of antiminority culture 
embedded within the data and system and 
strengthening the cycle anew. 

AI systems will not always reinforce sys- 
temic and data biases. Indeed, AI systems 
can be used to diagnose bias embedded 
within apprenticeship-like medical training 
and other existing medical practices (15). 
Potentially, AI systems using unsupervised 
learning could even identify and account 
for underlying disparities, improving eq- 
uity in care (10). However, given the self- 
reinforcing nature of Al-involved exclusion 
cycles, a long history of bias in medical care 
(1, 2), and disparities in data collected, the 
potential negative impacts demand focus 
even against the positive possibilities of AI. 


POLICY IMPLICATIONS 
Although the pieces of exclusion cycles in 
clinical encounters and AI and big data may 
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already be known, connecting the pieces 
explicitly into exclusion cycles has three 
principal implications: First, exclusion can 
be self-reinforcing, including in AI; second, 
exclusion cycles between medical practice 
and AI can interweave and reinforce one 
another; and third, effective policy inter- 
ventions will need to take these self- and 
other-reinforcing dynamics into account. 

At the most basic level, the dynamics of 
exclusion in medicine are self-reinforcing. 
Racial bias embedded in medical practice 
and research data collection self-perpet- 
uates by leading to discrimination, which 
may lead to strategies such as resistance 
and withdrawal by minoritized patients, 
and, consequently, to physicians’ errone- 
ous attribution of problems to those pa- 
tients’ inherent characteristics. In AI, this 
cycle also exists, with the deceptive shield 
of algorithmic objectivity. Machines cannot 
be racist, but they can and do participate 
in self-reinforcing exclusion cycles, based 
both on the involvement of imperfect hu- 
mans and training on data that reflect and 
embody systemic racism. Given this initial 
involvement, systemic bias will be perpetu- 
ated and reinforced through the dynamics 
of big data and AI themselves. There is no 
reason to expect improvement over time 
(10), absent active intervention. 

Crucially, exclusion cycles in medicine 
are also other-reinforcing. Even putatively 
unbiased AI systems learn bias from biased 
training data and return biased recommen- 
dations—but similarly, human physicians, 
nurses, and other care providers, even if 
unbiased themselves, will receive biased 
recommendations and analyses from such 
AI systems. Disturbingly, we should then 
expect that the addition of bias from AI sys- 
tems would itself then be reinforced within 
care-based exclusion cycles. 

Imagine a perfectly unbiased physician 
in an unbiased care system that imports a 
highly touted AI system trained in a real- 
world biased health care system to improve 
patient pain care. The AI system has learned 
from biased data to recommend inadequate 
doses of medication to Black patients and 
makes those recommendations to the unbi- 
ased physician. If clinicians dutifully take 
the advice from the AI system, prescribing 
inadequate doses, the system has essentially 
replicated an antiminority culture, driven 
discriminatory treatment, and set the stage 
for understandable patient response strate- 
gies and physician attribution errors. After 
enough cycles of this, the care exclusion cy- 
cle can continue even without the AI inter- 
vention. Skill fade and automation bias—in 
which providers rely on automation, includ- 
ing AI, and gradually lose expertise in, e.g., 
racially equitable provision of care—may 
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augment this process. Though individual- 
stage dynamics have been noted—biased AI 
can obviously lead to biased care (13)—the 
ability of entire self-reinforcing cycles to re- 
inforce one another has gone unrecognized. 

From a policy intervention standpoint, 
tackling bias in either system indepen- 
dently is thus woefully insufficient. Bias in 
either the human care cycle or the AI-data 
overlay can reintroduce bias at the other 
level, even positing the absence of bias in 
human actors themselves. Bias is a sys- 
temic infection that cannot be treated in 
only one place; it must be treated systemi- 
cally. Accordingly, efforts to decrease bias 
in medical care at the physician level must 
be coordinated with (i) efforts to ensure 
that algorithms trained on existing data do 
not themselves incorporate biases, and (ii) 
efforts to guard against the introduction 
of self-reinforcing biases in algorithms 
that are deployed into the care process—in 
contrast to existing proposals that tend to 
treat problems of care and AI bias largely 
separately (6, 8, 13). Research into best 
practices for coordination and de-biasing 
interventions could help, as could placing 
minoritized physicians and data scientists 
on care and research teams. 

Other interventions may best be tar- 
geted at different exclusion cycle stages. 
Interventions focused on _ algorithms, 
whether during regulatory review or other 
governance efforts, are likely best focused 
on discriminatory outputs—which can be 
most readily measured—and on attribution 
errors, especially for explainable AI sys- 
tems. That is, breaking the exclusion cycle 
for algorithms is likely easiest by identify- 
ing discriminatory outcomes and ensuring 
that system learning about performance 
does not  problematically incorporate 
new biases about patient characteristics. 
Carefully evaluating performance data in 
the process of retraining could help break 
the propagation of exclusion cycles—for in- 
stance, by distinguishing attribution errors 
(new learnings about minoritized patients) 
from decreased adherence to poor (or even 
accurate) predictions. Antiminority culture 
is tougher to address, and patient-focused 
strategies are ethically inappropriate to 
tackle without first addressing other parts 
of the cycle. Attempting to promote minori- 
tized group trust in current biased systems 
is more likely to understandably backfire 
than to help fix the cycle. Rather, minori- 
tized community strategies to combat sys- 
temic constraints will hopefully evolve as 
the system improves, amid necessary efforts 
to demonstrate institutional trustworthi- 
ness to minoritized communities. 

By contrast, interventions for physicians 
can more readily focus on antiminority 


culture (through education on systemic 
biases, including in AI) and discrimina- 
tion (through monitoring and evaluation of 
disparate treatment). A rich literature de- 
scribes such potential interventions (J, 2, 4). 

The interactions that we describe here oc- 
cur within the context of broader systemic 
racism in health care (J, 2, 4, 5). We focus 
here on big data and AI, relatively new sys- 
temic elements, but patient and provider 
experiences—and interventions to improve 
them—are also profoundly influenced by 
barriers to access, proximity to care, lan- 
guage barriers, the hidden curriculum of 
medicine and its depictions of minoritized 
groups, and other factors. Increasing eq- 
uity must include interventions across the 
health care system (J, 2). Although we can- 
not address the full scope of systemic rac- 
ism here, we suspect the exclusion cycle 
framework will provide a useful tool in 
analyzing and addressing other aspects of 
systemic racism. Future empirical research 
could analyze the details of exclusion cycles 
in medicine and elsewhere. 

The particular interventions we mention 
here are known. But the combination is im- 
portant; these issues cannot be addressed 
seriatim but must be faced in coordination. 
Though the addition of big data and AI to 
medicine promises substantial gains, they 
complicate the picture for reducing bias and 
require careful efforts to ensure that progress 
on one front is not rapidly lost on another. 
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Connecting for success 


Interventions that increase our sense of belonging 
can help us confront new challenges 


By Matthew Lieberman 


hat if there was a pill that could 

significantly improve your child’s 

grade point average (GPA) and 

increase their long-term success 

without negative side effects? What 

would you pay for it, and how 
might it achieve this seemingly magical out- 
come—by increasing IQ, by enhancing will- 
power? What if I told you there was a way to 
accomplish the same ends without affecting 
either of these variables and without the help 
of a fictional pharmaceutical intervention? 
As unlikely as it sounds, the key to raising 
students’ GPA often starts with raising their 
sense of belonging at school. 

All mammals are born immature and inca- 
pable of caring for themselves, so they have 
evolved a need for social connection and 
some capacity for empathy. From an evolu- 
tionary perspective, the social pain infants 
feel when separated from their caregiver and 
the distress that this causes in caregivers 
keeps the two groups bonded long enough 
for the infant to mature and reach self- 
sufficiency. Humans, unlike many other spe- 
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cies, however, have a generalized need to feel 
like we belong in groups, a need that flies in 
the face of the American myth of rugged indi- 
vidualism, making it all the more important 
to come to terms with. 

Belonging, by social psychologist Geoffrey 
Cohen, focuses on the current “crisis of be- 
longing” preventing many teens 
and young adults from reaching 
their full potential. In the book, 
Cohen alternates between telling 
the deep history of successful social 
psychological interventions and 
focusing on modern interventions 
that are being used to astound- 
ing effect. It is in the description 
of these more recent interventions 
that the book shines. 

The main tool under consid- 
eration is what Cohen and his 
colleagues somewhat dubiously call “wise 
interventions.” Wise interventions are best 
understood in contrast to the better-known 
“nudges.” Nudges depend on people’s men- 
tal laziness. For example, health care choice 
forms with precompleted options count on 
people sticking with the default selections. 
In contrast, wise interventions focus on “sub- 
jective construals’—our idiosyncratic under- 
standings of our situations and ourselves (1). 

Sometimes a modest change to how we un- 


Belonging 
Geoffrey L. Cohen 
Norton, 2022. 
448 pp. 


Mentees can benefit from mentors who share 
the same race or gender. 


derstand a situation can have dramatic cas- 
cading effects over time. Believing that you 
are up to a challenge can alter how you re- 
spond to the next roadblock you face, which 
in turn affects your ability to overcome the 
one after that. What makes wise interven- 
tions more remarkable is that they are typi- 
cally inexpensive, simple, and not zero-sum. 
Helping members of one group feel that they 
belong does not deprive other groups of any 
resources or opportunities. 

The wise interventions discussed in the 
book take a variety of forms, from small ges- 
tures of welcome, to behaviors that affirm a 
person’s values, to opportunities that allow 
an individual to reinterpret evidence. They 
can even take the form of working with a 
mentor who is of the same race or gender, 
which can help a mentee to more easily imag- 
ine surmounting comparable challenges. 

Consider Cohen’s 2011 Science paper, writ- 
ten with Greg Walton, which showed that a 
brief wise intervention with first-year Black 
college students significantly closed a race- 
based GPA gap 3 years later (2). The inter- 
vention? Allowing Black students to see that 
white students experienced uncertainty 
about whether they belonged at their respec- 
tive institutions early on in their college ca- 
reers—an act that helped the students realize 
that others felt this way regardless of their 
race. This hour-long intervention at the start 
of college also produced demonstrable effects 
on participants’ work success and general 
well-being a decade later. 

No book is perfect. Some of the time that 
Cohen devotes to the well-trod history of so- 
cial psychology might have been 
better spent on why we have a need 
for belonging in the first place, and 
some of the chapters seem tangen- 
tial to the book’s thesis. And al- 
though Cohen rightfully promotes 
the importance of situational fac- 
tors in academic performance, he 
unnecessarily denigrates the reality 
of individual differences in ability. 
We should nurture both belonging 
and ability, which is harder when 
school districts increasingly deny 
the latter to support the former. 

But ultimately, these issues are quibbles. If 
we want more people to have the chance to 
maximize their abilities and their contribu- 
tions to society, reading Belonging is the right 
place to start. 
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A tale of troubled waters 


Vietnamese refugees faced misdirected rage for a marine 
ecosystem ravaged by industry, argues a journalist 


By Mary Ellen Hannibal 


ity the Gulf of Mexico. This geologi- 

cal wonder hosts fantastically deep 

reserves of oil, to which we have 

responded by piercing its shoreline 

with thousands of wells. The land- 

scape is also dotted with industrial 
operations that transform its oil into plas- 
tic bags and toothbrushes, among other 
items of our everyday comfort. Not only 
does the region’s biodiversity suffer from 
regular oil spills (the most frequent in the 
world) and the release of noxious chemi- 
cals into air, water, and earth, people suf- 
fer as well. The intersection of politics, 
history, industrial pollution, and ugly hu- 
man behavior in these waters is the focus 
of Kirk Wallace Johnson’s new book, The 
Fishermen and the Dragon. 

Johnson begins his narrative in the 1970s, 
introducing readers to hotheaded fisher- 
man Billy Joe Aplin, who struggles to make 
a living in the waters near Seadrift, Texas, 
a tiny community between Galveston and 
Corpus Christi. Pulling deformed crabs 
from inadequate catch, Aplin reasons that 
both must result from toxic waste in the wa- 
ter courtesy of a massive aluminum smelt- 
ing plant operated by Aluminum Company 
of America (Alcoa) nearby. He tries to orga- 
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nize his fellow fishermen to challenge the 
industrial giant, but despite their own poor 
harvests, they greet his entreaties with pas- 
sivity and indifference. They do rouse to ire 
and action, however, when Aplin shifts his 
angry focus to South Vietnamese refugees 
new to the area. 

US officials had resettled many of the 
displaced South Vietnamese in Louisiana, 
where they found work at a crab-picking 
plant. (Local inmates given the chance to 
put in the “feverish hours” required of this 
work opted to sit behind bars instead.) 
Desperate for workers, the owner of a crab- 
picking plant in Seadrift exhorted the Viet- 
namese to move to Texas, where, despite 
high rates of poverty and unemployment, 
locals would not do the work. The Vietnam- 
ese would, and they did. 

Drawn to life on the water, which many 
had left behind in Vietnam, the refugees 
gravitated to fishing themselves. Their rec- 
ord catches drew the ire of Americans on 
the water, who worked fewer hours with far 
less efficiency. The local white community 
soon called in the Ku Klux Klan (KKK) to 
deliver fresh horror to the traumatized Viet- 
namese. Most of Johnson’s book is taken up 
with the gruesome consequences of this 
white supremacy, which created havoc and 
destroyed lives and livelihoods, but a fasci- 
nating back story—the saga of the Southern 
Poverty Law Center (SPLC)—emerges as the 
Klan’s antics attract media attention and 
then outrage. 


Members of the Ku Klux Klan set fire to the “USS Viet Cong” in Santa Fe, Texas, on 14 February 1981. 


1162 9 SEPTEMBER 2022 » VOL 377 ISSUE 6611 


The Fishermen and the 
Dragon: Fear, Greed, 
and a Fight for Justice 
on the Gulf Coast 

Kirk Wallace Johnson 
Viking, 2022. 384 pp. 


Founded in 1971 by Morris Dees, the SPLC 
charged into the Gulf Coast melee to defend 
the Vietnamese against white supremacy. 
Johnson dramatizes Dees’s evolution from 
“backcountry hayseed” to sophisticated ad- 
vocate. His litigation on behalf of the Viet- 
namese is exalted, inspiring, and successful. 

And yet, by the end of the book, the SPLC is 
beset by controversy. Dees is cited for sexual 
harassment and fired from the organization 
he founded. Equally troubling is the charge 
that the big bucks his highly successful mar- 
keting brought in were not always directed 
to help redress the United States’ wrongs. 

The second major thread of Johnson's 
book focuses on Diane Wilson, a Seadrift lo- 
cal with many more generations behind her 
than Aplin. The malfeasance in this section 
of the book issues not from vindictive white 
people asserting racial purity but from so- 
phisticated lawyers and business people as- 
serting profit above all peril. 

A mother of four, Wilson is poor and 
married to a traumatized Vietnam vet. She 
scrapes together something close to a living 
by working on the water, and, like Aplin, she 
begins to associate anomalies in the region’s 
sea life with nearby industry. A true citizen 
scientist, over the years, Wilson helps collect 
more than 30 million “nurdles’—small pel- 
lets from which most plastic products are 
created, which eventually convey industrial 
chemicals, pesticides, toxins, and danger- 
ous bacteria into the food chain—from the 
shoreline. Wilson undergoes several hunger 
strikes to force the corporate hand, and in 
2019 she succeeds in winning a $50 million 
settlement from Formosa Plastics. 

Johnson’s twin stories come together 
tangentially. They both involve cruelty and 
destruction in the Gulf of Mexico, but the 
KKK predates the capitalist forces that have 
exploited and polluted the region. Both the 
Klan and industry have wrought terrible de- 
struction on people and ecosystems, but any 
direct connection between these evils is not 
in evidence here. 

This book does demonstrate, however, 
that humanity’s propensity for immorality, 
greed, and laziness can come from very dif- 
ferent directions and in very different forms. 
Thankfully, our more admirable qualities of- 
ten manifest in myriad ways and from unex- 
pected sources as well. & 
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China has taken steps to protect the South China Sea’s coral reef species, such as the giant clam. 


Edited by Jennifer Sills 


Joint protection of a 
crucial reef ecosystem 


The South China Sea, situated just north 
of the Coral Triangle, contains abun- 
dant reef bioresources and provides a 
range of important ecological services 
(1). However, South China Sea reefs have 
suffered serious degradation due to local 
human activities, ocean warming, and 
outbreaks of coral-eating crown-of-thorns 
starfish (2, 3). Furthermore, overfishing 
in the South China Sea has decimated 

its bioresources (3). Such degradation 
impairs ecosystem function and stability 
and, as a result, ecological goods and ser- 
vices (4). Countries adjacent to the South 
China Sea can act together to mitigate 
reef ecosystem damage. 

Countries in the South China Sea region 
have been independently expanding their 
reef protection efforts. In 2021, China’s 
List of State-Protected Wildlife under 
State Priority Conservation prohibited 
exploitation of stony corals, giant clams, 
the giant triton snail (Charonia tritonis), 
and other reef animals such as sea turtles 
and the humphead wrasse (Cheilinus 
undulatus) (5). In addition, China has 
implemented seasonal fishery closures, 
designated marine protected areas (6), 
and carried out the removal of crown-of- 
thorns starfish (2). Other countries have 
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also taken steps to conserve coral reefs 
by establishing marine protected areas, 
especially Malaysia (7) and Thailand (8). 
Fishery closures have been established in 
the Philippines and Vietnam (9). However, 
the jurisdictional and policy complexities 
of the South China Sea have made effec- 
tive synchronous implementation of these 
protections extremely difficult, which 
may contribute to illegal, unreported, 

and unregulated (over-) fishing (70), fish- 
ing disputes and conflicts (10) and illegal 
trade of protected wildlife (77). 

To ensure that efforts toward sus- 
tainable reef protection are successful, 
countries bordering the South China Sea 
should prioritize collaborative, multilat- 
eral conservation. In addition to strictly 
implementing national protection poli- 
cies, countries should strengthen regional 
communication and exchanges to pro- 
mote the consistency and effectiveness 
of policies. For example, seasonal fishery 
closures could be enforced collaboratively. 
Countries could join together to fight 
against illegal trade of protected reef 
animals. International cooperation, spear- 
headed by local countries, could establish 
early warning and information-sharing 
systems to control crown-of-thorns star- 
fish. Robust collaboration and consistent 
policy enforcement among countries adja- 
cent to the South China Sea could make 
effective coral reef conservation possible. 
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Adaptive wildfire 
mitigation approaches 


Wildfires have been increasing in fre- 
quency, severity, and intensity in many 
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landscapes worldwide. The trends are 
driven by climate change (1), changes in 
land management (2) and land cover (3), 
logging (4), and ineffective fire mitigation 
actions (5). As a result, extensive parts of 
some landscapes are now extremely flam- 
mable and will remain so for decades to 
come (6). Improving fire management, 
especially early detection, will require new 
technologies and strategies (7, 8). 

Earlier fire detection, which allows fire 
crews to arrive sooner and work to con- 
tain and suppress a fire at an early stage 
(9), is a promising strategy. Mathematical 
modeling of lightning strikes can help 
predict where lightning is most likely to 
occur and lead to ignitions (70). Drone 
fleets equipped with infrared sensors 
can confirm whether those ignitions 
have occurred (8). Ground-based sensor 
networks can be deployed to detect igni- 
tions in areas of high ecological value 
(11). Cameras on fire towers can replace 
or supplement fire observers, providing 
round-the-clock fire detection capability, 
and satellites can inspect vast areas (8). The 
relative flammability of ecosystems can be 
tracked through a combination of technolo- 
gies that measure the moisture content of 
vegetation and new-generation fire models 
that account for fuel moisture along with 
vegetation structure and composition (72). 

Immediate identification of fires 
increases containment options. In some 
cases, GPS-guided, low-cost, uncrewed 
autonomous vehicles can rapidly access 
ignition points and extinguish fires 
within minutes (8). Aerially dispensed 
water gliders—one example of such 
autonomous vehicles—can be deployed 
from high altitudes in poor weather con- 
ditions, providing an alternative when it 
is too dangerous to deploy aircraft and 
helicopters (8). 

Rapid suppression technologies are 
most effective when fire behavior is mild. 
Therefore, reducing flammability can 
facilitate effective rapid suppression. In 
many ecosystems, decreasing flammabil- 
ity requires either (i) massively increas- 
ing deliberate human disturbances such 
as prescribed burning or (ii) enabling 
natural processes such as self-thinning 
and vegetation maturation to facilitate 
a transition to a less-flammable state 
(5). For forests recovering from logging, 
fire, or past clearing, strategies to reduce 
flammability should depend on local con- 
ditions, such as proximity to dwellings. 
Together, minimizing flammability and 
implementing multiple early detection 
and containment technologies can con- 
tribute to effective firefighting in increas- 
ingly fire-prone landscapes. 
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Restore China’s coastline 
from the ground up 


In China, decades of industrialization and 
growing cities have replaced coastal mud- 
flats, sandy beaches, mangroves, and rocky 
reefs with engineered structures such as 
seawalls, break walls, and dikes (7-3). The 
loss of coastal wetlands exposes coastal 
cities and communities to substantial 
damages from storms (4) and extreme 
events, which are increasing in frequency, 
intensity, and scale (5). The degrada- 

tion of coastal ecosystems also threatens 
migratory birds, which depend on the 
wetland habitats along their flyway (6). To 
conserve and restore natural coastlines, 
policies must prioritize quantitative local 
assessments of successes and failures and 
use that information to guide national 
and regional priorities. 

National policies issued since 2008 
have had some success in stabilizing the 
retention rate of China’s natural coastline. 
By the end of 2018, China had invested 
about US$1.5 billion, restored 156.6 km 
of coastline, and recovered 3549 ha of 
coastal wetlands (7). However, the lack of 
effective and timely assessments of local 
ecological environments also resulted in 


failures: The non-native species that were 
introduced to slow erosion, such as com- 
mon cordgrass (Spartina anglica) and 
smooth cordgrass (Spartina alterniflora), 
led to damaging biological invasions (8). 
Attempts to implement national goals 
without considering the effects on local 
species undermined restoration goals. 

Quantifying coastal losses at the 
local level will clarify how national and 
regional strategies can remain sensitive 
to local conditions. Instead of provid- 
ing one-size-fits-all goals that all local 
jurisdictions try to achieve, national and 
regional governments should craft plans 
that incorporate consultation with local 
experts and adaptation to each location’s 
needs. Flexibility to respond to local pres- 
sures will be particularly important in 
the face of mounting challenges such as 
climate change. 

Local monitoring and feedback linked 
to management action, which previous 
policies have lacked, are also vital to 
guiding policies toward desired impacts. 
Monitoring of China’s coastline changes, as 
well as environmental and human drivers 
such as sea-level rise, erosion-accretion, 
and human population pressures, should 
be conducted in every coastal region. The 
data should be collected and analyzed 
regularly, and corrections to the plan 
should be made quickly using big data 
and decision-making tools. With national 
and regional priorities as a framework, 
restoration should be based on each local 
ecosystem’s structure, functions, composi- 
tion, and services. 
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Edited by Michael Funk 


EVOLUTIONARY BIOLOGY 
Fishy business 


hree-spined sticklebacks are nominally marine species, but after 

the Pleistocene glacial retreat, they colonized freshwater lakes 

widely. Weber et al. have capitalized on the divergent populations 

that arose to test ideas about the costs of immune responses 

in animals. Using a combination of wild and laboratory-created 
hybrids, the authors found that lakes contained fish with differences in 
immune responsiveness and different susceptibilities to a tapeworm 


parasite. Fish that mounted an extreme immune response, as mea- 
sured by fibrosis, showed a marked reduction in fecundity. Immune 
response-related loci show evidence of opposing selection among 
resistant and susceptible populations. The ecological conditions that 
have caused these divergences remain unidentified, but knowledge 
of the genes involved does indicate a way to investigate immune 
costs in other species. —CA Science, abo3411, this issue, p. 1206 


Three-spined sticklebacks (right) can either resist or tolerate tapeworm parasites (left), with consequences for the fish’s fecundity. 


CORRELATED MATERIALS 
Understanding the 
cuprate parent state 


Calculating the properties of 
materials with strong electron 
correlations, such as cuprate 
superconductors, from first 
principles is extremely chal- 
lenging. Cui et al. developed 

a strategy that combines 
quantum embedding, ab 
initio quantum solvers, and 
periodic quantum chemistry. 
They used this strategy to 
establish causal relationships 
between the material compo- 
sition of parent compounds 
of mercury-based cuprate 
superconductors and their 
magnetic properties. This 
approach may also prove 
fruitful in the more challenging 
case when the parent com- 
pounds are doped to induce 
superconductivity. —JS 
Science, abm2295, this issue p. 1192 


SOLID-STATE PHYSICS 
Nanowire tip probes 
magnetism 


The material samarium hexabo- 
ride (SmB,) has been predicted 
to be a topological insulator 
that also features strong elec- 
tronic correlations. Topological 
insulators exhibit so-called 
spin-momentum locking, which 
has been put to use in spintron- 
ics applications. Aishwarya 

et al. exploited these proper- 
ties to achieve spin-polarized 
tunneling through a scanning 
tunneling microscope (STM) 
tip. The researchers mounted 
an SmB, nanowire onto a 
trimmed tungsten tip. This 
combined tip was then used to 
image the magnetic state in the 
material Fe,, Te. Unlike conven- 
tional spin-polarized STM, the 
authors’ setup does not require 
the application of an external 
magnetic field, which makes for 
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a less-invasive probe. —JS 
Science, abj8765, this issue, p.1218 


indicating a tipping point for these 
communities. —SNV 

Science, abm1033, this issue p. 1202; 
EL NINO see also add8890, p. 1153 
A faunal tipping point 
EI Nifio events occur in the 
eastern Pacific ocean when 
warm surface waters prevent 
normal upwelling of nutrient-rich, 
cooler water. These events are 
unpredictable but are increas- 
ing in frequency and intensity, 
likely due to climate change, and 
have impacts on marine and 
terrestrial environments, ocean 
currents, and climate. Broughton 
et al. looked across a 12,000- 
year record from a coastal site in 
Baja, California, at the impacts of 
EI Nifio events as measured by 
changes in the fossil record (see 
the Perspective by Sandweiss and 
Maasch). They found that in cen- 
turies with five or more events, 
marine fauna decreased, whereas 
terrestrial diversity increased, 


HYDROFORMYLATION 
Taking pressure 
off cobalt 


Hydroformylation is a high- 
volume chemical process that 
manufactures aldehydes from 
olefins, hydrogen, and carbon 
monoxide. Cobalt carbony! 
complexes served as the original 
catalysts, and although they have 
been superseded in many cases 
by rhodium, they are still used 
with long-chain olefins. However, 
high carbon monoxide pressure is 
generally applied on the assump- 
tion that the cobalt will otherwise 
undergo deactivation by cluster- 
ing. After performing both kinetic 
and spectroscopic studies, Zhang 
et al. report that cobalt carbony| 
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catalysts are stable at lower 
carbon monoxide pressure than 
previously thought. Moreover, 
recently reported phosphine- 
stabilized cobalt catalysis could 
not be reproduced. —JSY 

Science, abm4465, this issue p. 1223 


SOLAR CELLS 
Avoiding lithium to 
fight iodide 
Although lithium-doped organic 
hole transport layers (HTLs) 
enable efficient charge extraction 
in perovskite solar cells, they also 
promote degradation, because 
lithium ions can adsorb water 
and the positive radicals that 
form promote migration of iodide 
anions from the perovskite layer. 
Wang et al. developed an organic 
HTL that couples positive polymer 
radicals and molecular anions 
through an ion-exchange process. 
The resulting highly conductive 
HTL has improved energy-level 
alignment with the perovskite 
compared with commonly 
used lithium-doped HTLs. High 
thermal and chemical stability 
with respect to iodide migration 
resulted in stable perovskite solar 
cells that maintained 92% power 
conversion efficiency of 23.9% for 
1000 hours at 85°C. —PDS 
Science, abq6235, this issue p. 1227 


BRAIN STRUCTURE 
Uncharted territory 
in the brain 


The ridges and grooves (“sulci”) 
of the human brain have been 


studied for centuries. However, 
Willbrand et al. report that a small 
groove, the inframarginal sulcus 
(ifrms), is a previously uncharac- 
terized brain feature. The authors 
first manually identified ifrms 
using high-resolution neuroim- 
aging in vivo and subsequently 
in ex vivo brains. The ifrms was 
present in all human samples 
across a range of ages, but only in 
about half of chimpanzee brains. 
A deep-learning approach could 
automatically locate ifrms in indi- 
vidual human brains. Functionally, 
the ifrms may be a landmark for 
the cognitive control network in 
humans. —RW 
Sci. Adv. 10.1126/ 
sciadv.abn9516 (2022). 


HIV 
Analyzing antibodies 


A challenge for HIV-1 vaccine 
development is the need to 
induce a polyclonal neutralizing 
antibody (nAb) response in 
vaccine recipients. Saunders et 
al. vaccinated rhesus macaques 
with a stabilized HIV-1 envelope 
trimer plus a Toll-like recep- 

tor 7/8 agonist with the goal of 
eliciting such nAbs. The authors 
observed that vaccinated 
macaques developed potent 
nAbs that targeted multiple sites 
on the envelope, including the 
CD4-binding site. This treat- 
ment translated into protection 
against mucosal simian-HIV 
challenge in the macaques, so 
these results support the further 
development of this vaccine for 
humans. —CSM 

Sci. Transl. Med. 14, eabo5598 (2022). 


High-resolution brain imaging has revealed a previously unrecognized groove (white 


dashed line) in the human brain that is not uniformly present in other hominoid species. 


1166 


9 SEPTEMBER 2022 « VOL 377 ISSUE 6611 


IN OTHER JOURNALS 


Edited by Caroline Ash 
and Jesse Smith 


CANCER IMMUNOLOGY 


Melanoma fishing for 
a complement? 


The complement cascade is 

an arm of the innate immune 
system that recruits immune 
cells and forms membrane 
attack complexes (MACs) to 

kill target cells. This cascade 
plays a poorly understood role in 
immune responses to mela- 
noma. In mice and humans, Liu 
et al. found that complement 
pathways are activated along 
blood vessels supplying mela- 
nomas. MACs within melanoma 
tumors were associated with 
activated neutrophils generat- 
ing reactive oxygen species 
and neutrophil extracellular 


traps. Pharmacological inhibi- 
tion of complement hampered 
neutrophil activation and the 
concomitant vascular perme- 
ability of the tumors. Both 
neutrophil-depleted animals 
and mice lacking complement 
factor C6, a critical element in 
MAC formation, showed reduced 
tumor dissemination into the 
ungs. —STS 

Proc. Natl. Acad. Sci. U.S.A. 119, 

e€2122716119 (2022). 


MICROBIOME 
Phage to soothe 
inflammation 


The gut microbiota can exac- 
erbate intestinal inflammation 
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VOLCANOLOGY 


» A longer eruption forecast 


onitoring volcanos is important 
for forecasting eruptions, but usu- 
ally only provides hours to days 

of warning. Longer-term surface 
deformations occur frequently, 


but these observations alone are not 
strong precursors for forecasting. Galetto 
et al. contend that surface deformation 
can be used to estimate magma inflow 
rates that are key to forecasting erup- 
tions ina certain set of basaltic calderas 
over a longer time period. The authors 
estimated magma inflow rates and found 
a transition where the rate correlated 
with eruptions within a year, providing 

a potential metric for longer-duration 


eruption forecasting. —BG 
Nat. Geosci. 15, 580 (2022). 


Monitoring surface deformation may aid 
in forecasting volcanic eruptions of 
some basaltic calderas such as Eyjafjallajokull 


in Iceland (shown). 


in inflammatory bowel disease 
(IBD), but broad-spectrum 
antibiotics are not effective at 
treating it. Federici et al. investi- 
gated whether bacteriophages, 
which infect and kill specific bac- 
teria, could be used to treat IBD. 
In a cohort of 537 patients, the 
authors found Klebsiella pneu- 
moniae strains associated with 
IBD flare-ups. A consortium of 
clinical strains of the bacterium 
was used to inoculate germ- 
free mice to induce intestina 
inflammation. From these, two 
phages were selected for oral 
administration into 18 healthy 
individuals in a phase 1 trial. The 
treatment was well tolerated 
and reduced the abundance of 
K. pneumoniae in fecal samples 
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of the treated cohort, showing 
promise for treatment. —GKA 


Cell 185, 2879 (2022). 


GENETICS 
Invasion of the 
killer rabbits 


Rabbits introduced into Australia 
have wreaked vast environmen- 
tal and economic damage and 
brought about the extirpation 

of endemic species. What is it 
about rabbits that has allowed 
them to establish a firm foothold 
in an environment alien to 
them? In a genetic analysis, 
Alves et al. discovered that by 
1870, domesticated rabbits were 
found around most settlements. 


Mitochondrial genome sequenc- 
ing showed that it took the 
introduction of just a few wild 
females to allow the species to 
spread explosively across the 
continent. Admixture analysis 
revealed that genetic refresh- 
ment of the inbred domestic 
rabbits by wild-type genes 
endowed an invasive capacity 
amplified by subsequent spread 
across Tasmania and New 
Zealand. As for the inoculum, 
Thomas Austin requested rab- 
bits from his family home in 
Somerset, England, for hunting 
at Geelong, Victoria. From 24 
sent in 1862, Austin had bagged 
over 20,000 rabbits by 1865. 
—CA 


Proc. Natl. Acad. Sci. U.S.A. 
119, €2122734119 (2022). 


METABOLISM 
Why cancer cells do 


fermentation 


The Warburg effect, aerobic 
glycolysis, plays an enigmatic 
role in cancer. Is it really an 
effect or is ita cause? Many have 
puzzled over why cancer cells 
use aerobic glycolysis, ferment- 
ing glucose to lactate, which is 
relatively inefficient, even when 
oxygen is present. In human 
cancer cells in culture, Wang et 
al. found that lactate excretion 
did not correlate with cell prolif- 
eration but happened when the 
capacity of the electron shuttles 
produced in glycolysis to move 
electrons to the mitochondria to 
regenerate NAD* was exceeded. 
Enhancing shuttle performance 
by expressing component 
enzymes decreased lactate 
production but did not affect cell 
proliferation. Thus, fermentation 
does not seem to drive cell pro- 
liferation, nor is it the preferred 
mode of metabolism in cancer 
cells. —LBR 
Mol. Cell. 10.1016/ 
j.molcel.2022.07.007 (2022). 


STEM EDUCATION 
Thriving through 
transitions 


Community colleges are a criti- 
cal component of undergraduate 
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STEM education in the United 
States, with 44% of STEM 
degree holders attending a com- 
munity college at some point. 
Despite this, the experiences 
of transfer students remain 
relatively understudied. Gray et 
al. used Schlossberg’s model 
for analyzing human adapta- 
tion to transition to understand 
how STEM community college 
transfer students navigated and 
adapted to a new 4-year uni- 
versity. Analyses illumined two 
broad pathways that students 
tended to diverge into: thriving, 
characterized by support and a 
sense of belonging, and surviv- 
ing, characterized by stress and 
barriers. These results provide 
a framework for understanding 
the myriad of factors influenc- 
ing the transfer process as the 
STEM community works toward 
more thriving and less surviving 
among transfer students. -MMc 
CBE Life Sci. Ed. 10.1187/ 
cbe.21-09-0261 (2022). 


OPTOMECHANICS 
Stabilizing optomechanical 
resonators 


The confinement of light to 
high-quality optical cavities and 
resonators provides a route to 
enhanced sensing capabilities 
and the ability to make precision 
measurements of targets trapped 
within the cavity. However, as 
the light intensities increase and 
cavity dimensions shrink in size, 
the light can cause photother- 
mal instabilities of the cavity, 
adversely affecting the overall 
performance of the system. Qin 
et al. demonstrate that placing 
an intracavity window material 
within the cavity can reduce or 
even cancel the photothermal 
instabilities. Insertion of the 
window material, the photother- 
mal properties of which can be 
selectable or tunable for differ- 
ent setups, alters the effective 
photothermal response of the 
combined system. Mitigating for 
and removing the photothermal 
instabilities in such a general and 
passive way should be useful for 
a broad range of optical- and pho- 
tonic-based technologies. —ISO 
Optica 9,924 (2022). 
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MEDICINE 
Comparing lingering 
symptoms 
The emergence of Long Covid 
has increased interest in myalgic 
encephalomyelitis/chronic 
fatigue syndrome (ME/CFS), 
acondition that often follows 
an infection and has many 
similarities to Long Covid. Ina 
Perspective, Marshall-Gradisnik 
and Eaton-Finch discuss 
what we might learn from the 
extensive research on ME/CFS. 
The authors highlight hypoth- 
eses that have been proposed 
to explain the heterogeneous 
symptoms associated with ME/ 
CFS, which may also apply to 
Long Covid. They also discuss 
what is needed to take research 
forward: clear diagnostic criteria 
and biomarkers, animal models, 
and comprehensive clinical tri- 
als. Applying the lessons learned 
from ME/CFS could improve 
Long Covid research and benefit 
patients with either condition. 
—GkKA 

Science, abo1261, this issue p.1150 


LAND USE CHANGE 
Forest loss for food 


Agricultural expansion is 
recognized as a major driver 
of forest loss in the tropics. 
However, accurate data on the 
links between agriculture and 
tropical deforestation are lack- 
ing. Pendrill et al. synthesized 
existing research and datasets 
to quantify the extent to which 
tropical deforestation from 
2011 to 2015 was associated 
with agriculture. The authors 
estimated that at least 90% of 
deforested land occurred in land- 
scapes where agriculture drove 
forest loss, but only about half 
was converted into productive 
agricultural land. Data avail- 
ability and trends vary across 
regions, suggesting complex 
links between agriculture and 
forest loss. —BEL 

Science, abm9267, this issue p.1168 
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MOLECULAR BIOLOGY 
A passage through 
nucleosomes 


In the eukaryotic cell nucleus, 
genomic DNA is wrapped around 
histones to form nucleosomes, 
the basic units of the beads-on- 
a-string structure of chromatin. 
Although the nucleosomes are 
physical obstacles for the DNA- 
transcribing RNA polymerase 
Il, it somehow passes through 
them while maintaining their 
structure. Ehara et al. obtained 
structural snapshots of the 
polymerase passaging through a 
nucleosome using cryo-electron 
microscopy. They found that 
the polymerase forms a huge 
elongation complex with multiple 
transcription elongation factors, 
which mediates the disassembly 
of the downstream nucleosome 
and its subsequent reassembly 
behind the polymerase with the 
aid of the histone chaperone 
FACT. —DJ 

Science, abp9466, this issue p. 1169 


NEURODEVELOPMENT 
Neanderthal brain 
development 


Neanderthal brains were 

similar in size to those of modern 
humans but differed in shape. 
What we cannot tell from fos- 
sils is how Neanderthal brains 
might have differed in function 
or organization of brain layers 
such as the neocortex. Pinson et 
al. have now analyzed the effect 
of a single amino acid change in 
the transketolase-like 1 (TKTL1) 
protein on the production of 
basal radial glia, the workhorses 
that generate much of the 
neocortex (see the Perspective 
by Malgrange and Nguyen). 
Modern humans differ from apes 
and Neanderthals by this single 
amino acid change. When placed 
in organoids or overexpressed 

in nonhuman brains, the human 
variant of TKTL1 drove more 
generation of neuroprogenitors 
than did the archaic variant. The 
authors suggest that the modern 
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human has more neocortex to 
work with than the Neanderthal 
did. —PJH 
Science, abl6422, this issue p. 1170; 
see also ade4388, p.1155_ 


CLIMATE CHANGE 


Getting tipsy 
Climate tipping points are condi- 
tions beyond which changes 
in a part of the climate system 
become self-perpetuating. These 
changes may lead to abrupt, irre- 
versible, and dangerous impacts 
with serious implications for 
humanity. Armstrong McKay et 
al. present an updated assess- 
ment of the most important 
climate tipping elements and 
their potential tipping points, 
including their temperature 
thresholds, time scales, and 
impacts. Their analysis indicates 
that even global warming of 1°C, 
a threshold that we already have 
passed, puts us at risk by trig- 
gering some tipping points. This 
finding provides a compelling 
reason to limit additional warm- 
ing as much as possible. —HJS 
Science, abn7950, this issue p. 1171 


DOMESTICATION 
Donkeys’ African origins 


Donkeys have been important 
to humans for thousands of 
years, being the primary source 
of work and transport for many 
cultures. Unlike horses, little 
was known about the origin and 
domestication of donkeys. Todd 
et al. sequenced the genomes 
of modern and ancient don- 
keys and found evidence of an 
eastern African origin over 7000 
years ago, with subsequent 
isolation and divergence of lin- 
eages in Africa and Eurasia. The 
authors also reveal the imprint 
of desertification on divergence 
among groups and specifics 
about donkey breeding and 
husbandry, including selection 
for large size and the practice of 
inbreeding. —SNV 

Science, abo3503, this issue p. 1172 


MESOSCOPIC PHYSICS 
Probing an exotic state 


The nature of some fractional 
quantum Hall (FQH) states can 
be determined by measuring 
the thermal conductance of the 
state’s edge. Such measure- 
ments have suggested that 
the well-known FQH state at 
5/2 filling, which is thought to 
harbor non-Abelian quasipar- 
ticles, features the so-called 
particle-hole Pfaffian topological 
order. However, the possibility 
that the edge modes were not 
thermally equilibrated left room 
for alternative interpretations. 
To avoid this ambiguity, Dutta 
et al. created an isolated edge 
consisting only of a1/2 charge 
mode and a neutral edge mode 
by interfacing the fractional 5/2 
state with integer quantum Hall 
states. The measurement of the 
thermal conductance of this 
isolated state reaffirmed the 
particle-hole Pfaffian character 
of the 5/2 state. —JS 

Science, abm65/1, this issue p.1198 


CANCER 
Understanding prostate 


cancer plasticity 


Cellular plasticity is the ability of 
cells to alter their identity and 
acquire new biological proper- 
ties. In the context of cancer, 
plasticity may explain how cer- 
tain tumors evolve and become 
resistant to therapy. Chan et 

al. investigated the molecular 
mechanisms underlying lineage 
plasticity in late-stage prostate 
cancer. Using several model 
systems, including human 
organoid cultures, activation of 
Janus kinase-signal transducer 
and activator of transcription 
(JAK/STAT) and fibroblast 
growth factor receptor (FGFR) 
signaling was found to drive 
prostate tumor plasticity. 
Pharmacological targeting of the 
JAK and FGFR pathways pro- 
moted lineage reprogramming in 
biopsy samples from castra- 
tion-resistant prostate cancer 
patients. These findings provide 
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insights that may help to curb 
prostate cancer progression and 
resensitize resistant tumors to 
effective therapies. —PNK 
Science, abn0478, this issue p.1180 


EXOPLANETS 
Separating rocky from 
watery exoplanets 


The radii of small transiting 
exoplanets have a bimodal 
distribution, usually interpreted 
as planets with and without a 
thick atmosphere. Luque and 
Pallé demonstrate that the 
planets’ densities (which require 
measurements of both mass and 
radius) provide a cleaner separa- 
tion between the populations 
than radii alone, at least for exo- 
planets orbiting red dwarf stars 
(see the Perspective by Teske). 
They found that one group is 
consistent with a purely rocky 
composition, whereas another 
group matches a model of 50% 
rock and 50% water. This split 
between rocky and water-rich 
planets could reflect where 
they formed in their planetary 
systems, before orbital migra- 
tion. —KTS 

Science, abl7164, this issue p. 1211, 

see also add7175, p. 1156 


METASURFACES 
Another twist for 
metasurfaces 


Metasurfaces are specially 
designed arrays of dielectric 
components that transform the 
function of bulk optical compo- 
nents into thin films. Exploiting 
the physics of bulk states in 
the continuum for the highly 
efficient trapping of light, Zhang 
et al. demonstrate metasurfaces 
that operate as a source of 
chiral light (see the Perspective 
by Forbes). Using a dielectric 
metasurface doped with light- 
emitting molecules, the authors 
were able to produce chiral 
photoluminescence and lasing. 
This approach will be useful for 
the development of integrated 
optical devices. —ISO 

Science, abq7870, this issue p. 1215; 

see also add5065, p.1152 
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TUMOR IMMUNOLOGY 
Uncovering the source 
of adverse events 


Despite the success of immune 
checkpoint blockade (ICB) in 
cancer, the efficacy is limited by 
immune-related adverse events 
(irAEs) that require treatment 
cessation. Identifying peptides 
that induce both antitumor 
and irAE responses is crucial 
to improving ICB. Berner et al. 
developed a method for detect- 
ing these peptides, which they 
call DITAS (discovery of tumor- 
associated self-antigens). DITAS 
involves analyzing the shared 
antigens between non-small 
cell lung cancer (NSCLC) and 
ung tissue and then performing 
immunopeptidomics, determin- 
ing which HLA these peptides 
bound to, predicting the CD8* T 
cell epitopes of these peptides, 
performing functional valida- 
tion, and finally identifying their 
candidate antigens. Using this 
method, the authors identified 
the self-antigen napsin A, which 
induced NSCLC and lung-reac- 
tive T cells. -DAE 

Sci. Immunol. 7, eabn9644 (2022). 


GUT MICROBIOME 
Ac-di-AMP gut check 
for C. difficile 


Clostridioides difficile causes 
antibiotic-associated colitis. 
Oberkampf et al. report that 
this bacterium produced and 
degraded the intracellular 
second messenger cyclic-di- 
adenosine monophosphate 
(c-di-AMP) in response to 
different environmental 
conditions (see the Focus by 
Purcell). Production of c-di- 
AMP promoted the growth of 
C. difficile but induced sensitiv- 
ity to osmotic stress. Bile salts 
induced c-di-AMP degradation, 
which was required for resis- 
tance to hyperosmotic stress 
and the antibiotic action of bile 
salts. Mutant bacteria that could 
not degrade c-di-AMP did not 
colonize the guts of antibiotic- 
treated mice. —AMV 

Sci. Signal. 15, eabn8171, 

eadd3937 (2022). 
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Martin Herold, Tobias Kuemmerle, Michael J. Lathuilliére, Vivian Ribeiro, Alexandra Tyukavina, 


Mikaela J. Weisse, Chris West 


BACKGROUND: Agricultural expansion is a pri- 
mary cause of tropical deforestation and there- 
fore a key driver of greenhouse gas emissions, 
biodiversity loss, and the degradation of 
ecosystem services vital to the livelihoods of 
forest-dependent and rural people. However, 
agriculture-driven deforestation can take many 
forms, from the direct expansion of pastures 
and cropland into forests to more complex or 
indirect pathways. A clear understanding of 
the different ways in which agriculture drives 
deforestation is essential for designing effec- 
tive policy responses. To address this need we 
provide a review of the literature on pantropical 
agriculture-driven deforestation and synthesize 
the best available evidence to quantify dominant 
agricultural land-use changes relating to de- 
forestation. We consider the policy implications 
of this assessment, especially for burgeoning 
demand-side and supply-chain interventions 
seeking to address deforestation. 


Agriculture-driven deforestation 
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ADVANCES: New methods and data have ad- 
vanced our understanding of deforestation and 
subsequent land uses. However, only a hand- 
ful of studies estimate agriculture-driven de- 
forestation across the entirety of the tropics. 
Although these studies agree that agriculture 
is the dominant land use following forest 
clearing, their estimates of pantropical rates 
of agriculture-driven deforestation during 
the period 2011 to 2015 vary greatly—between 
4.3 and 9.6 million hectares (Mha) per year— 
with our synthesized estimate being 6.4 to 
8.8 Mha per year. This apparent uncertainty 
in the amount of agriculture-driven deforesta- 
tion can be disentangled by distinguishing 
between the different ways in which agricul- 
ture contributes to deforestation; we find that 
while the overwhelming majority (90 to 99%) 
of tropical deforestation occurs in landscapes 
where agriculture is the dominant driver of 
tree cover loss, a smaller share (45 to 65%) of 


Possible mechanisms 
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Agriculture contributes to deforestation in many ways which often interact. Most tropical 
deforestation occurs in landscapes where agriculture is the dominant driver of forest loss. Part of this 
agriculture-driven deforestation results in agricultural production (left) meeting domestic and export 
demand for various agricultural commodities. However, agriculture-driven deforestation also occurs 
without expansion of managed agricultural land through several mechanisms (right), which may lead to 
the deforested area being abandoned or semi-abandoned. Incomplete agricultural records also explain a 


share of such deforestation. 
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deforestation is due to the expansion of active 
agricultural production into forests. Multiple 
lines of evidence show that the remainder of 
agriculture-driven deforestation does not result 
in the expansion of productive agricultural land 
but instead is a result of activities such as 
speculative clearing, land tenure issues, short- 
lived and abandoned agriculture, and agriculture- 
related fires spreading to adjacent forests. 

Different land uses and commodities often 
interact to drive deforestation. However, pas- 
ture expansion is the most important driver by 
far, accounting for around half of the de- 
forestation resulting in agricultural production 
across the tropics. Oil palm and soy cultivation 
together account for at least a fifth, and six 
other crops—rubber, cocoa, coffee, rice, maize, 
and cassava—likely account for most of the 
remainder, with large regional variations and 
higher levels of uncertainty. 


OUTLOOK: This Review points to three key areas 
where a stronger evidence base would advance 
global efforts to curb agriculture-driven de- 
forestation: First, consistent pantropical data 
on deforestation trends are lacking. This lim- 
its our ability to assess overall progress on 
reducing deforestation and account for leak- 
age across regions. Second, with the excep- 
tion of soy and oil palm the attribution of 
deforestation to forest risk commodities is 
often based on coarse-grained agricultural 
statistics, outdated or modeled maps, or local 
case studies. Third, uncertainties are greatest 
in dry and seasonal tropics and across the 
African continent in particular. 

This assessment highlights that although pub- 
lic and private policies promoting deforestation- 
free international supply chains have a critical 
role to play, their ability to reduce deforesta- 
tion on the ground is fundamentally limited. 
One-third to one-half of agriculture-driven 
deforestation does not result in actively man- 
aged agricultural land. Moreover, the majority— 
approximately three-quarters—of the expansion 
of agriculture into forests is driven by domestic 
demand in producer countries, especially for 
beef and cereals, including much of the de- 
forestation across the African continent. These 
data suggest that the potential for international 
supply chain measures to help reduce tropical 
deforestation is more likely to be achieved 
through interventions in deforestation risk 
areas that focus on strengthening sustainable 
rural development and territorial governance. 
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Tropical deforestation continues at alarming rates with profound impacts on ecosystems, climate, and 
livelihoods, prompting renewed commitments to halt its continuation. Although it is well established 
that agriculture is a dominant driver of deforestation, rates and mechanisms remain disputed and often 
lack a clear evidence base. We synthesize the best available pantropical evidence to provide clarity on 
how agriculture drives deforestation. Although most (90 to 99%) deforestation across the tropics 2011 
to 2015 was driven by agriculture, only 45 to 65% of deforested land became productive agriculture 
within a few years. Therefore, ending deforestation likely requires combining measures to create 
deforestation-free supply chains with landscape governance interventions. We highlight key remaining 
evidence gaps including deforestation trends, commodity-specific land-use dynamics, and data from 


tropical dry forests and forests across Africa. 


eforestation continues at high rates, 

mainly in the tropics (/-4), and is one 

of the largest drivers of greenhouse gas 

emissions, biodiversity loss, and the 

degradation of ecosystem services (5). 
Although deforestation is driven by many in- 
terrelated processes (6), expanding agricul- 
tural land use—including cropland, pastures, 
and tree crops—is the primary direct cause of 
tropical deforestation (7-9). 
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Currently there is considerable attention on 
curbing tropical deforestation, including re- 
newed commitments to reduce deforestation 
at the climate COP26 in 2021, upcoming ne- 
gotiations at the COP15 for the Convention 
on Biological Diversity, and strengthened 
commitments and legislative proposals from 
governments (10-12), companies (13, 74), and 
financial institutions (75). Emerging policies 
often focus on eliminating deforestation from 
international supply chains of agrifood com- 
modities such as palm oil, soybeans, and beef. 
With the adequacy of past pledges having re- 
ceived damning assessments (e.g., the New York 
Declaration on Forests 5-year assessment 
in 2019), largely due to lack of funding and 
implementation, it is crucial that renewed 
investment is guided by the best available 
evidence on agriculture-driven deforestation. 
The targeting of limited resources needs to 
have its basis in a clear understanding of the 
scale of the problem, its location, and the 
relative importance of different drivers. 

However, at present policies are being de- 
signed and evaluated against a backdrop of 
widespread uncertainty regarding our under- 
standing of the links between agriculture and 
deforestation. The focus on agricultural sup- 
ply chain policies is commonly premised on 
statements that agricultural expansion and 
production drive 80% of tropical deforesta- 
tion, a number appearing in everything from 
policy proposals [e.g., by the EU (70) and the 
UK (16)], to high-profile research (e.g., 17), and 
communications from NGOs and international 
organizations [e.g., Rainforest Alliance (18), 
Greenpeace (19)]. This 80% number frequently 
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appears as fact without referencing the origi- 
nal source, Hosonuma et al. (20), or under- 
standing its meaning and limitations. In 2012, 
the referenced study gave a much needed 
“first inventory of what countries identify as 
relevant and important drivers” (27). How- 
ever, data sources and methods for identifying 
deforestation and subsequent land uses have 
since improved considerably (/, 2, 7, 22-25). At 
this critical juncture of the fate of the world's 
tropical forests, it is essential to take stock of 
our current understanding of the role agricul- 
ture plays in driving deforestation and to iden- 
tify key data and knowledge gaps. 

We aim to provide such a synthesis to dis- 
entangle the key rates and mechanisms of 
agriculture-driven deforestation, organized 
around three central questions regarding our 
current understanding of (i) the rates and 
trends in deforestation across the tropics, 
Gi) the role of agriculture in driving deforesta- 
tion, both in terms of the direct expansion of 
productive agricultural land and more broadly 
regarding the links between agriculture and 
land use dynamics (e.g., land speculation), and 
ii) the relative importance of different forest 
risk commodities in driving deforestation and 
the extent to which their production is linked to 
international trade. We assess our ability to ad- 
dress these questions in different regions, clar- 
ify the inherent challenges in quantifying the 
role of agriculture in driving tropical deforesta- 
tion, and consider the practical implications of 
existing knowledge for science and policy. 


Agriculture and deforestation 


The drivers or causes of deforestation can be 
examined in many ways (26, 27) and there are 
often interactions between multiple drivers 
(6, 9). This Review focuses on agriculture- 
driven deforestation, here defined broadly as 
deforestation for which agriculture—whether 
directly or indirectly—is a cause (Box 1). No- 
tably, agriculture-driven deforestation is not 
limited to the direct expansion of commodity 
production into forests. We review recent pan- 
tropical assessments of deforestation drivers 
(table S1) and complement this with a litera- 
ture search of national-level estimates for eleven 
countries with the highest deforestation rates 
(28). We harmonized datasets to the same set of 
87 tropical and subtropical countries (hence- 
forth the “tropics”), covering most of Latin 
America, Africa south of the Sahara, and South 
and Southeast Asia (28) (fig. SI), and focus on 
the time period of 2011 to 2015. 


Deforestation rates and trends 


Estimating deforestation rates across the 
tropics presents both conceptual and tech- 
nical challenges. First, there is no single way to 
distinguish between forests and nonforests nor 
between deforestation and forest degradation 
and as a result different studies and monitoring 
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systems rely on different definitions (29-31). 
Second, although remote sensing is useful for 
monitoring forest changes in terms of land 
cover not all aspects of deforestation—including 
its underlying drivers—can be observed from 
satellites; further, technical and practical con- 
straints result in imperfect data (e.g., nega- 
tive effects of cloud cover) (29, 30). Forest loss 
estimates therefore differ between studies (fig. 
$2) both because of measurement uncertain- 
ties (32) and because they strive to measure 
different things. 

We define deforestation as a persistent con- 
version of natural forest to any other land use, 
such as agriculture or human settlements, or 
to tree plantations (Box 1). This definition 
aligns with the aims of many policies focused 
on the loss of natural forests and concomitant 
losses of biodiversity, carbon stocks, and other 
ecosystem services, and builds upon the de- 
finition presented by the Accountability Frame- 
work initiative (33). There is currently no 
pantropically consistent, spatially explicit 
dataset that quantifies deforestation as defined 
above, although Vancutsem et al. (2) comes close 
for tropical moist forests (28). Therefore, this 
Review combines data from different sources to 
derive estimates in line with that definition. 

The two main global data sources on forest 
loss used by most in the policy and research 
communities are the Global Forest Change (GFC) 
dataset based on annual, remote-sensing-based 
measures of tree cover loss (TCL) (7) and the Food 
and Agriculture Organization (FAO)’s Forest 
Resources Assessment (FRA) which reports 
deforestation rates at 5- to 10-year intervals 


(3). Many recent pantropical assessments of 
deforestation drivers rely partly on GFC. A 
key challenge for assessing deforestation based 
on the GFC data is that although all deforesta- 
tion is in principle captured by TCL, not all 
TCL (a land cover change) constitutes deforesta- 
tion in terms of a persistent change in land use 
away from natural forest (7, 28) (Fig. 1A). In 
particular, TCL includes clearings within tree 
plantations, severe forest degradation, and 
rotational cycles of shifting cultivation (J, 7). 
The FRA uses a more restrictive definition of 
deforestation than the one used here in which 
conversion of natural forest to forestry plan- 
tation is not considered deforestation. Its use- 
fulness for assessing deforestation drivers is 
limited as the data are compiled at the na- 
tional level only and are collected from country 
reports based on a variety of methods including 
remote sensing and inventories (34). 

For 2011 to 2015, GFC TCL rates averaged 
10.6 million hectares (Mha) per year in the 
tropics while the FAO FRA 2020 estimated 
deforestation to be 10.7 Mha per year (Fig. 1B), 
despite the latter applying a more restrictive 
definition and primarily reporting net (not 
gross) deforestation for many countries. These 
aggregated numbers mask considerable re- 
gional differences especially for Africa where 
FRA deforestation is estimated at 4.4 Mha 
per year, although TCL amounts to 2.8 Mha per 
year (Fig. 2 and table S3). For some countries 
these differences are also considerable: for India, 
the FRA (gross) deforestation rate (0.67 Mha per 
year; based on remote sensing) (3) far exceeds 
the GFC TCL (0.10 Mha per year). 


_———————————— eel 
Box 1. Key terms for disentangling agriculture-driven deforestation. 


Natural forest: A forest that “resembles—in terms of species composition, structure and ecological 
function—one that is or would be found in a given area in the absence of major human impact” (33). 
Aside from primary and intact forests, natural forest also includes regenerated (second-growth) forests 
and partially degraded forests, provided they fulfill the definition above (33). As no comprehensive 
pantropical map of natural forests currently exists, most studies approximate their extent. 

Deforestation: A persistent conversion of natural forest to any other land use such as agriculture, 


human settlements, or tree plantations. 


Agriculture: Agriculture includes cropland, pastures, and tree crops but not forestry (agriculture 


thus excludes timber, pulp, and paper). 


Agriculture-driven deforestation: Deforestation for which agriculture, directly or indirectly, is a 
cause; this includes both deforestation resulting in agricultural production and agriculture-driven 
deforestation without expansion of agricultural production. Agriculture-driven deforestation does not 
necessarily mean that agriculture is the only or main cause of deforestation; for example, deforestation 
may be directly driven by the demand for timber alongside the demand for agricultural expansion 
(49, 50, 95); further, indirect or underlying drivers always play a role (6, 27). 

Deforestation resulting in agricultural production: This is deforestation that can be attributed to 
the expansion of land under active agricultural production systems. 

Agriculture-driven deforestation without expansion of agricultural production: This is defined 
as deforestation occurring in landscapes where agriculture is the dominant driver of forest loss but 
does not result in recorded, productive, and actively managed agricultural land. This can be due to 
several mechanisms and is distinct from forest degradation or other TCL in the sense that the forest 
has been fully cleared and there are signs of other types of land use, though in practice the boundary 


can be hard to draw. 
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Additionally, the two main datasets show 
opposing pantropical trends between 2001 to 
2010 and 2011 to 2020, with an increase from 
9 to 12 Mha per year in GFC TCL (7), compared 
with a decrease from 14 to 10 Mha per year 
in FRA deforestation rates (3) (Fig. 1B). Al- 
though discrepancies in rates are expected as 
approaches differ in how they define forests 
and deforestation [for further discussion see 
C1, 2, 32, 35)], the observation that the GFC 
TCL and FRA deforestation data report a dif- 
ference in the overall trend direction is more 
puzzling. Uncertainties in trends arise as a 
result of several methodological and concep- 
tual challenges which must be taken into ac- 
count for drawing conclusions about trends in 
TCL or deforestation based on the GFC and FAO 
FRA datasets, e.g., Curtis et al. (7), Carter et al. 
(32), Goldman et al. (36), Pendrill et al. (37), 
and Nguyen and Kanemoto (38). 

The increasing trend in GFC TCL presents 
two main challenges for evaluating temporal 
trends in deforestation: First, the GFC meth- 
odology has become more effective at detecting 
small and temporary forest disturbances— 
some of which could be more adequately char- 
acterized as forest degradation rather than 
deforestation—after 2011 and especially after 
2015 (39, 40), due to both changes in the meth- 
odology and increased quality and volume of 
Landsat satellite data. Caution is thus needed 
when trying to compare TCL trends between 
the pre- and post-2011 or -2015 time periods 
(28, 39, 40). Second, this effect is enhanced by 
the growing importance of forest degradation, 
which has increased in many parts of the trop- 
ics in recent years as a result of the combined 
effects of climate change, fires, forest fragmen- 
tation, and unsustainable timber extraction 
(2, 41, 42). 

For the FRA 2020 deforestation data, “rela- 
tively few countries and territories have re- 
liable data over the [full] period” (43). There 
has been some evidence that “countries with 
lower capacities in the past had the tendency 
to overestimate the area of forest loss” (44). In 
recent years data sources have improved for 
many tropical countries (34, 43) potentially 
leading to inconsistencies with older data 
of lower quality. The decreasing trend in 
the FRA deforestation rates may thus in part 
result from overestimates and uncertainties 
in earlier years [though decelerating defor- 
estation is also found in the preliminary (global) 
results from the remote sensing study ac- 
companying the FRA 2020 (4)]. Overall we 
thus find that consistent pantropical data on 
deforestation trends is lacking, challenging 
our ability to assess if and where progress is 
being made. 


Agriculture-driven deforestation 


There are currently only a handful of pantropical 
estimates of the importance of agriculture in 
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Tropical tree-cover loss: 10.6 Mha/y 
Tropical deforestation: 6.5-9.5 Mha/y 
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Fig. 1. TCL, deforestation, and agriculture-driven deforestation. (A) Conceptual diagram visualizing the 
concepts of tropical TCL, deforestation, agriculture-driven deforestation, and deforestation resulting in 
agricultural production, nested from the broadest to the narrowest concept. The area of each circle is scaled 
by the estimated extent although the ranges are not represented; consequently for deforestation and 
agriculture-driven deforestation the extent is approximated. (B) Studies vary considerably in their estimated 
extents (millions of hectares per year) and trends, reflecting uncertainties and conceptual differences. 

The TCL data are from GFC [updated from Hansen et al. (1)]; deforestation, from the FAO FRA (3) and 
Carter et al. (32); agriculture-driven deforestation, updated from Curtis et al. (7), Carter et al. (32), and 
deforestation resulting in agricultural production updated from Pendrill et al. (37). def, deforestation; agr, 
agriculture. In all figures, the data have been aligned to the same set of 87 (sub)tropical countries. 


driving deforestation (7, 8, 20, 32, 37, 45) 
(table S1), all of which agree that agriculture 
is the dominant land use following deforest- 
ation. Estimates of deforestation drivers, e.g., 
the relative importance of agriculture and of 
different commodities, are intrinsically less 
reliable in the most recent years, because time 
is needed to reveal whether the cleared land 
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will be used for production (and if so, for what) 
or allowed to regenerate. Typically use of the 
cleared land is assessed within at least two to 
four years after forest clearing although the 
precise number of years varies between studies 
(~1 to <20 years) depending on method and 
data availability (28). For these reasons we 
focus our analysis on the period 2011 to 2015. 
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For that period three studies provide pan- 
tropical estimates of agriculture-driven de- 
forestation (fig. S3). One [Carter et al. (32)] 
assumes a constant fraction of deforestation 
being agriculture-driven on the basis of pre- 
2010 data from other studies [De Sy et al. (8) and 
Hosonuma e¢ al. (20)]. The other two—despite 
relying on the same GFC TCL data (1)—provide 
notably different estimates of agriculture-driven 
deforestation ranging from 4.3 Mha per year 
[Pendrill et al. (37)] up to 9.6 Mha per year 
[Curtis et al. (7)] (Fig. 1B and table S4). This 
variation arises both as a result of methodo- 
logical differences and because estimates de- 
scribe different aspects of deforestation and 
the role of agriculture therein. 

By combining these two assessments 
[Curtis et al. (7) and Pendrill et al. (37)] with an- 
cillary data (28) we estimate total agriculture- 
driven deforestation across the tropics to 
be 6.4 to 8.8 Mha per year (Fig. 1A). As de- 
tailed below, this range reflects uncertainties 
in how much of the TCL attributable to shifting 
agriculture constitutes deforestation as op- 
posed to cyclical crop-fallow rotations. With 
total deforestation ranging between 6.5 and 
9.5 Mha per year (table S3), this implies that 
most (~90 to 99%) tropical deforestation oc- 
curs in landscapes where agriculture is the 
dominant driver of forest loss (28). 

The Pendrill et al. (37) data suggest a much 
smaller share of tropical deforestation result- 
ing in agricultural production, in the range of 
~45 to 65% of our total tropical deforesta- 
tion estimate (likely at the higher end) (28). 
Pendrill et al. (37) estimate this by employing 
aland-balance model to attribute GFC TCL to 
expanding cropland and pastures. They eval- 
uate the expansion of cropland and pastures 
primarily on the basis of national agricultural 
statistics [FAOSTAT (46), with subnational 
data for Brazil and Indonesia]. A key source 
of uncertainty in the Pendrill et al. (37) assess- 
ment comes from its reliance on FAOSTAT- 
recorded agricultural areas. The quality of 
these data varies considerably between coun- 
tries, and data are often imputed or estimated 
rather than reported (Table 1) (46). This can 
lead to underestimation of the significance of 
agriculture as a deforestation driver for coun- 
tries that are slower to (or simply do not) 
update their statistics and where the self- 
reporting by countries incompletely capture 
some agricultural activities (e.g., shifting cul- 
tivation). The Pendrill et al. (37) estimate of 
4.3 Mha per year of deforestation resulting in 
agricultural production should therefore be 
considered a conservative estimate (28). 

By contrast, Curtis et al. (7) assess the dom- 
inant direct drivers of TCL in 10-by-10 km 
grid cells using decision tree models trained 
on high-resolution imagery in Google Earth. 
Dominant drivers of GFC TCL are divided into 
five classes: commodity-driven deforestation 
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Fig. 2. Estimates of tropical deforestation and its agricultural drivers. The average extents (2011 to 
2015) of TCL by driver [data from Hansen et al. (1) and Curtis et al. (7), where TCL driven by agriculture 


falls under shifting agriculture and commodity-driven 


deforestation] and of deforestation attributed to 


agricultural commodities [data from Goldman et al. (36) and Pendrill et al. (37)] and international trade [data 


from Pendrill et al. (37)]. Commodities followed by an 
FAO FRA (3) deforestation rates are included for com 
agriculture; prod, production. 


(5.19 Mha per year; primarily for agriculture), 
shifting agriculture (4.37 Mha per year), for- 
estry (0.93 Mha per year), wildfire (0.02 Mha 
per year), and urbanization (0.02 Mha per year). 

For assessing agriculture-driven deforesta- 
tion, the Curtis et al. (7) approach presents two 
key challenges. First, it does not fully distin- 
guish which of the GFC TCL is deforestation. 
Some of the dominant drivers of TCL corre- 
spond to deforestation (i.e., commodity-driven 
deforestation and urbanization) but others do 


asterisk are not quantified by Goldman et al. (36). 
parison. TCL, tree cover loss; def, deforestation; agr, 


growth). Still, the large remainder—i.e., shifting 
agriculture and forestry—can reflect both the 
expansion of these systems into natural forests 
(i.e., deforestation) and regular rotations in 
stable shifting agriculture systems, plantations, 
or managed forests, which do not constitute 
deforestation under most definitions (including 
the one adopted here). Second, the Curtis et al. 
(7) approach allocates all TCL in each grid cell to 
a single dominant (defined as >50%) driver of 
TCL for the whole time period (2001 to 2020), 


not (i.e., wildfires potentially resulting in re- 
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ignoring drivers that are not dominant. There- 
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fore, even in the grid cells where commodity- 
driven deforestation or shifting agriculture is 
the dominant driver of TCL, not all TCL is nec- 
essarily directly driven by agricultural expan- 
sion. The Curtis et al. (7) estimate is thus a 
metric of deforestation occurring in landscapes 
where agriculture is the dominant direct driver 
of forest loss (rather than only deforestation 
resulting in agricultural production per se). 

This metric deviates conceptually from our 
definition of agriculture-driven deforestation 
as remote sensing data can never unambigu- 
ously distinguish deforestation indirectly driven 
by agriculture from drivers that are colocated 
but causally uncoupled. However, drivers of de- 
forestation often interact (6, 9, 47) and so in 
landscapes where most deforestation is directly 
due to agriculture, evidence from multiple 
studies suggest that agriculture typically con- 
tributes indirectly to much of the deforesta- 
tion directly driven by other factors (6, 48). 
For example, in agricultural deforestation 
frontiers even if logging or urbanization is 
the direct driver of some deforestation it is 
typically indirectly linked to agriculture; e.g., 
areas in which land is logged first but with 
prospects of conversion to agriculture, which 
may or may not materialize (49-51), or where 
urbanization is connected to the inflow of 
laborers into agriculture (52). The share of 
deforestation in pixels where Curtis e¢ al. (7) 
classify agriculture as the dominant driver 
but which is causally disconnected from agri- 
culture is therefore likely to be very small. 
Hence, we take the metric of deforestation 
occurring in landscapes where agriculture 
is the dominant direct driver of forest loss 
as the best available proxy for estimating 
agriculture-driven deforestation. 

Curtis et al. (7) put deforestation occurring 
in landscapes where agriculture is the dom- 
inant driver in the range of 5.19 Mha per year 
(commodity-driven deforestation only) to 
9.47 Mha per year (sum of commodity-driven 
deforestation and shifting agriculture) (Fig. 2). 
We narrowed this range down to 6.4 to 8.8 Mha 
per year (28) by excluding TCL in tree plan- 
tations (53) and by including deforestation 
in primary forests (54) and deforestation re- 
sulting in agricultural production [based on 
Pendrill et al. (37)] (fig. S4). 

Our analysis suggests a large discrepancy 
(2.0 to 4.5 Mha per year) between the de- 
forestation resulting in agricultural produc- 
tion (>4.3 Mha per year) and the overarching 
category of agriculture-driven deforestation 
(6.4 to 8.8 Mha per year) (Figs. 1A and 3). This 
discrepancy is present across all three con- 
tinents in our country sample, totaling 1.0 to 
2.0 Mha per year in Latin America, 0.0 to 
1.3 Mha per year in Africa, and 1.1 to 1.2 Mha 
per year in Asia (Fig. 3), though uncertainties 
abound and part of the discrepancy is likely a 
result of unrecorded agricultural areas. 


4 of 11 


RESEARCH | REVIEW 


The discrepancy reflects the complex role of 
agriculture as a driver of tropical deforestation 
and indicates that around one-third to one- 
half of agriculture-driven deforestation does 
not result in recorded agricultural land (though 
it might be used for other purposes). This is 
consistent with regional and pantropical re- 
mote sensing studies finding large tracts of un- 
used land following forest loss (8, 24, 28, 55, 56), 
including a pantropical estimate that 20 to 
30% of agriculture-driven TCL in the period 
2015 to 2019 showed some shrub or forest re- 
growth by 2020 (57). 

There are several mechanisms explaining 
this large share of agriculture-driven deforesta- 
tion without expansion of agricultural produc- 
tion. One such mechanism is land speculation, 
often linked to unclear or contested tenure. 
This process has been documented for several 
Latin American countries including the Brazil- 
ian Amazon (58, 59) and Costa Rica (60), where 
expectations about future agricultural rents— 
fueled by planned road infrastructure improve- 
ments, uncertainties around future forest 
conservation policies, and the existence of large 
tracts of undesignated public land—lead to 


speculative clearing. Other social processes 
such as imitation [see (6/, 62), for example] 
create crop booms and potential busts (63). 
This can lead to land being cleared anticipa- 
tively but not subsequently being taken into 
production because of deteriorating market 
conditions, failed operations, or diminishing 
economic viability. For instance, land cleared 
for speculation in the Brazilian Amazon is typ- 
ically put under extensive pasture where ani- 
mal stocking rates are very low; these pastures 
are commonly degraded and abandoned within 
relatively short time periods (64-66). Deforesta- 
tion can also be used to strengthen tenure 
claims where laws link land rights to clearing 
or use (67, 68). Moreover, conflicts over land 
tenure often contribute to deforestation in 
contested forest frontiers, in excess of clear- 
ings purely for productive agriculture (69, 70). 
The extent of land with unclear and contested 
tenure is not precisely quantified pantropi- 
cally but is shown to be very large in some 
countries (77). Land degradation can also 
lead to land abandonment or maintenance 
of the land at very low levels of productivity, 
possibly because the deforested land was not 


suitable to begin with (72, 73) or because of 
deforestation-driven changes in local climate 
(74), inadequate management and lack of 
expertise, or cultural or structural barriers 
(66, 75). 

Another mechanism through which agricul- 
ture contributes to deforestation without re- 
sulting in productive agricultural land in the 
near term is from fires started in agricultural 
lands that spread to adjacent forest areas, lead- 
ing to forest degradation and in some cases 
complete deforestation. Almost all fires in 
tropical moist forests are due to human ac- 
tivities (42) including clearing forests for new 
agriculture and as a land management tool 
(e.g., weed control and nutrient mobilization) 
in already-cleared agricultural areas (42). This 
frequently leads to fires spreading into adja- 
cent forest areas as documented in Brazil (76), 
the Miombo (77), and Indonesia (78). 


Attributing deforestation to commodities 
and consumers 


The evidence on pantropical rates of deforesta- 
tion attributed to cropland, pasture, and asso- 
ciated commodity production in more recent 


Table 1. Data availability for assessing deforestation resulting in agricultural production. Deforestation rates (total and for major post-forest loss land 
uses, in millions of hectares per year) for the 11 countries with the highest rates of deforestation in the period 2011 to 2015, and quality of the underlying driver 
data (cell shading). Estimates are from Pendrill et al. (37) (P), Goldman et al. (36), or other studies (O) identified in the literature review and 

where national-level estimates for the time period 2011 to 2015 could be extracted from the source (28). Superscripts indicate the citations to other studies 
(0). Superscript a indicates citations for cropland deforestation in Brazil (130) and Indonesia (55, 114); superscript b for pasture deforestation in Brazil (131); 
superscript c for soybean deforestation in Brazil (80, 132, 133); superscript d for oil palm deforestation in Indonesia (55, 114, 134, 135) and Malaysia (136, 137). 


Defore- Maize, rice, 
station rate Cropland Pasture Soybeans Oil palm Rubber Cocoa Coffee cassava 
P O* P G_O P_G O° PG of PG P G P G PP P P 
Latin America 
Brazil 15-92 1.1 BD) 0.27 DAWU 0.00 0.00 0.00 0.00 0.00 {6902} 0.00 {0102} 0.11 0.01 0.01 
Paraguay —0,36--0.38 0.08 {0102) 0.00 0.00) 0.01 0.01 0.00 
Argentina 0.28—0.33 0.00 0.00 
Bolivia 0.20—-0.24 0.00 (0:00) 0.00 0.00 0.00 0.00 0.00 
Africa: 
DR Congo —_(,37-0.84 
Angola 0.18 
Madagascar (0.07—0.26 0.00 0.00, 
Mozambique 0.17 (0.00) 0.00 0.00 0.00 
Asia: 
Indonesia 12-13 0.39 (SOMA 0.04 0.06 0.01 [ON05) 0.00 (0103) 0.03 0.07 0.00 
Malaysia 0.25—0.26 0.05 (OMG) NOS 0.01 0.05 0.00 0.00 {0,00) 0.00 0.01 0.00 
Myanmar 0.14-0.24 0.06 0.00 0.01 0.00 
Def. rate (Mha/y) 
0 0.1 0.3 0% Data quality classification: 
Recent multitemporal extent maps of high resolution (<=30 m or vector) and/or accuracy. 
Recent (©2012), single year extent maps of high spatial resolution (<=30 m or vector). 

Official subnational agricultural statistics (recent & multitemporal, but not spatially explicit). 

Official national-level agricultural statistics (recent & multitemporal, but not spatially explicit). 

Based on unofficial national-level agricultural statistics (e.g., imputed by the FAO) or on older, coarse-resolution maps. 
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years primarily stems from only two approaches: 
Pendrill et al. (37) and Goldman et al. (36). 
Two other studies have also quantified the 
role of agricultural commodity production in 
driving deforestation (38, 45) but these pri- 
marily cover time periods before 2010 and are 
thus not discussed in detail here. Pendrill et al. 
(37) is the most comprehensive in terms of 
commodity coverage, with annual data on de- 
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forestation followed by pasture and 155 crops, 
assessed primarily at the national level. Given 
its lack of spatial detail this method does not 
unequivocally establish whether these land 
uses expanded directly on cleared forest land 
or indirectly displaced other land uses into the 
forest (37). Goldman et al. (36) attribute de- 
forestation to commodities by overlaying GFC 
TCL classified as commodity-driven deforesta- 
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Fig. 3. The ways in which agriculture contributes to deforestation differ between regions. Agriculture- 
driven deforestation [based on Curtis et al. (7)] includes deforestation resulting in agricultural production 
[based on Pendrill et al. (37)] as well as agriculture-driven deforestation without expansion of agricultural 
production, which can occur through several potential mechanisms. Incomplete records of agricultural area 
and production might also explain a share of that deforestation, which should thus be attributed to 

certain land uses and commodities if monitoring systems improve. Deforestation resulting in agricultural 
production can in turn be attributed further to certain land uses and commodities [based on Pendrill et al. 
(37) and Goldman et al. (36)], and to export or domestic demand [based on Pendrill et al. (37)]. 
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tion or shifting agriculture [from Curtis e¢ al. 
(7)] with recent spatially explicit extent maps 
for oil palm, soy, rubber, and pasture for a 
subset of countries as well as older, coarse 
maps for pasture, cocoa, and coffee. The coarse 
estimates are far more uncertain (than those 
based on recent maps) for two main rea- 
sons. First, all TCL classified as dominated 
by commodity-driven deforestation or shifting 
agriculture is assumed to constitute deforesta- 
tion resulting in agricultural production, which 
risks over-allocating TCL as deforestation as- 
signed to commodities. Second, it assumes that 
the relative shares of commodity area and thus 
share of deforestation in each grid cell have 
remained stable since the year 2000 for pas- 
ture and 2010 for crops. This is unlikely to hold 
especially in rapidly changing deforestation 
frontiers. 

It is well established that cattle pasture ex- 
pansion is the single most important deforesta- 
tion driver by far, alone accounting for around 
half of the deforestation resulting in agricul- 
tural production (36, 37). Still, the two available 
pantropical datasets differ considerably in 
the estimated extent of deforestation attri- 
buted to the expansion of pastures [1.9 com- 
pared with 2.7 Mha per year with the lower 
value from Pendrill et al. (37) and the higher 
from Goldman et al. (36)]. Most of the de- 
forestation due to the expansion of pastures 
is found in South America (~1.2 and 2.1 Mha 
per year) (Fig. 2), particularly in Brazil. This 
region has robust data on pasture-driven de- 
forestation at the national or biome level 
(table S5). Attributing deforestation to pas- 
ture is especially challenging (28) because of 
its complex dynamics with other drivers (e.g., 
land speculation and crops) (58, 79-81); ad- 
ditionally, pastures can be difficult to distin- 
guish from other land cover types based on 
remote sensing as they may appear spec- 
trally similar to cropland or natural vegeta- 
tion (82, 83) and because pastures and their 
definitions vary considerably (84, 85). 

Following pasture the next most important 
land uses are oil palm and soy cultivation, 
together accounting for at least a fifth of the 
deforestation resulting in agricultural produc- 
tion (36, 37). Their importance is reflected in 
the large number of country or biome-wide 
assessments of these crops (table S5) (28). De- 
forestation attributed to these crops is highly 
concentrated regionally, notably in South 
America for soy and in Southeast Asia for oil 
palm (Fig. 2 and table S6), particularly in 
Indonesia. Pantropical estimates are also 
the most reliable for these two crops (Table 1) 
though precise estimates can still differ from 
and between national-specific studies [e.g., 
Indonesia (28)], underscoring the value of 
having multiple data sources. 

The cultivation of rubber, cocoa, coffee, rice, 
maize, and cassava account for most of the 
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remaining deforestation resulting in agricultur- 
al production (28, 36, 37). However, the evidence 
is currently lacking to confidently estimate their 
significance or changes in their significance 
over time (37) and country-level assessments 
are largely lacking (table S5). For these crops 
the data are limited or of poor quality (Table 1) 
and both pantropical approaches rely heavily 
on agricultural statistics. Statistical records 
are unreliable for cocoa and coffee cultivation 
(86) with further uncertainties as these crops 
can be shade grown, in which case their expan- 
sion into natural forest can be difficult to detect 
using remote sensing (87-89). Further, they are 
also often grown together with other crops in 
agroforestry systems (87-89). Records for staple 
crops are frequently based on estimates and may 
underestimate harvested areas in subsistence 
or smallholder contexts as a result of minimum 
harvested area criteria in records (90). 

Many of the crops discussed above are im- 
portant export crops—including soybeans, 
palm oil, rubber, coffee, and cacao—and in- 
ternational trade has been identified as a 
key driver of deforestation since the 2000s 
(89, 91-93). Three pantropical studies as- 
sess deforestation associated with trade in 
commodities: Nguyen and Kanemoto (38), 
Cuypers et al. (45), and Pendrill et al. (37). 
The first two are not discussed further as 
their deforestation data are primarily for the 
pre-2010 time period. 

The role of international demand in driving 
deforestation differs depending on how far 
downstream the analysis extends in regards 
to international supply chains (94). A phys- 
ical trade model—which traces deforestation 
embodied in raw or lightly processed agricul- 
tural commodities—suggests that 20 to 25% of 
all deforestation resulting in agricultural pro- 
duction is linked to exports (37) (fig. S5). This 
average, however, hides substantial variation 
across countries, regions, and commodities (fig. 
S6): soybeans, palm oil, and cash crops (e.g., rub- 
ber, coffee, and cocoa) are primarily destined 
for export markets whereas beef and cereals 
are typically consumed domestically. An eco- 
nomic, multiregional input-output model, 
which traces deforestation all the way to final 
consumption, raises the share of commodity- 
driven deforestation linked to international 
demand to ~35% (37) (fig. S5). Thus despite 
the remaining limitations and uncertainties 
in data and current trade models there is 
convincing evidence that domestic demand 
remains a primary underlying driver of de- 
forestation resulting in agricultural production. 

Although the numbers presented here pro- 
vide a big-picture indication of the most im- 
portant forest risk commodities, commodities 
often interact in driving deforestation. De- 
forestation can also be followed by several 
successive agricultural land uses (28). For 
example, in South America soy expansion in 
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one location has been linked to pasture ex- 
pansion in others (79, 81), and timber harvest- 
ing is often a precursor to deforestation, e.g., in 
case of oil palm expansion in Indonesia (49, 95). 
Such concurrent and interacting drivers of 
forest degradation and deforestation are poor- 
ly evaluated in continental-scale assessments, 
which can lead to an overly simplified focus on 
addressing drivers in isolation (47, 96). Addi- 
tionally, data are largely lacking on the legality 
of deforestation and production (97), whether 
the actors involved are small- or large-holders, 
and whether they are producing for subsistence 
or marketed demand (98-100). 

Moreover, we have not assessed nonagricul- 
tural deforestation drivers. Logging and de- 
mand for wood products (e.g., timber and 
pulp), charcoal, and fuelwood—alongside agri- 
cultural expansion—are key direct drivers of 
deforestation and even more so of degradation 
(6, 55, 101, 102). Although deforestation re- 
sulting from the expansion of tree planta- 
tions is estimated by Goldman et al. (36) and 
Pendrill et al. (37) (0.1 and 0.8 Mha per year, 
respectively, with the former only covering 
eight countries), deforestation due to logging 
and timber extraction that sometimes occurs 
in conjunction with and facilitates agricul- 
ture expansion (49, 50, 95) is not comprehen- 
sively quantified at the pantropical level. 

Urbanization, mining, and energy infrastruc- 
ture such as hydropower dams are relatively 
minor direct drivers of deforestation from a 
pantropical perspective, together amounting to 
just 2% of land use following forest loss across 
the (sub)tropics between 1990 and 2000 (8), 
although they can be important direct drivers 
locally; e.g., gold mining is a dominant direct 
cause of deforestation in Guyana (103) and in 
Madre de Dios in Peru (104). Further, the in- 
direct impacts of these drivers can be consid- 
erable (71, 105-107). A study of the Brazilian 
Amazon found that deforestation indirectly 
induced by mining was 12 times the extent of 
that of the direct deforestation occurring with- 
in mining concessions (08). 


Improving the evidence base 


Our findings point to three key data gaps in 
our understanding of tropical deforestation 
and its links to agriculture. Overcoming these 
gaps can considerably strengthen the evidence 
base to help accelerate global efforts to curb 
agriculture-driven deforestation—both in the 
design of policy responses and in evaluating 
their effectiveness. 

First, the lack of consistent pantropical data 
on deforestation still hampers our ability to 
assess overall deforestation trends and thus 
the net impacts of interventions to reduce de- 
forestation while accounting for leakage across 
regions and biomes (109-111). Improvements 
in deforestation data are needed in three 
main areas: (i) to encompass both dry and wet 
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tropics, (ii) to provide estimates of deforesta- 
tion that go beyond TCL and satisfy the com- 
monly held definition of a persistent conversion 
of natural forest to any other land use, and (iii) 
to ensure that estimates are consistent across 
regions and over time. Data on deforestation 
trends could be improved in several ways to 
help meet these requirements, including im- 
provement of contextual data on tree planta- 
tions and shifting agriculture to systematically 
filter out temporary TCL from the GFC data 
(J), or by expanding the Vancutsem et al. (2) 
approach to the dry tropics, for example. Fur- 
thermore, deforestation area metrics alone are 
a crude proxy for multiple social-ecological 
impacts, which vary significantly between 
geographical locations (30). Improved quanti- 
fication of these impacts is an ongoing need. 

Second, to improve our understanding of 
the relationships between agricultural drivers 
and forest loss and to inform both territorial 
and supply chain measures directed at spe- 
cific commodities, a concerted effort is needed 
to improve the coverage, quality, and frequency 
of data on pastures and crops that are replacing 
forests for all regions where substantial de- 
forestation occurs. In contrast to deforestation 
data, data on drivers need not be pantropical as 
commodity-specific deforestation frontiers are 
typically concentrated in specific regions and 
require responses tailored to their context (777). 
Regional-level datasets that can cover most of a 
given commodity, e.g., soy across South America 
and oil palm in Southeast Asia, play a key role 
as they are built on regional knowledge and 
thus are typically not just more accurate but 
also more region- and policy-relevant, e.g., in 
terms of land use and management charac- 
terization (112). However, currently only oil 
palm (173) and soy (25) are mapped for most 
production areas in the tropics (36). The at- 
tribution of deforestation and conversion to 
most forest risk commodities, especially out- 
side of Brazil and Indonesia, therefore relies 
on agricultural statistics at a very coarse— 
often national—scale, on local case studies, or 
on single-year, modeled maps that are often 
outdated, potentially leading to misattribution. 
Despite the fact that pastureland is by far the 
most prominent driver of deforestation, our 
understanding of pasture extent is particu- 
larly poor as large-scale assessments outside 
of South America rely on (often unofficial) 
agricultural statistics or on a global pasture 
map for the year 2000 (28). 

Important recent advances in land use map- 
ping include multiple biome-scale initiatives 
such as MapBiomas (1/4), sample-based mon- 
itoring tools such as CollectEarth (715), and 
efforts to combine wall-to-wall satellite mon- 
itoring and sample-based approaches, includ- 
ing building confidence in temporal trends in 
deforestation (4, 23-25, 116, 117). Future ad- 
vances should include improving the collection 
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and organization of subnational agricultural 
statistics and further leveraging advances in 
remote-sensing data and methods (8, 22). 

Third, there is an urgent need to invest in 
spatially and temporally explicit assessments 
of agriculture-driven deforestation tailored to 
the dry tropics and to deforestation frontiers 
in Africa, with a focused effort to better char- 
acterize deforestation in smallholder shifting 
agriculture [e.g., (J00)]. Uncertainties around 
the nature, extent, and drivers of deforesta- 
tion linked to agriculture are unevenly dis- 
tributed as the quality of the data used and 
the performance of the methods vary between 
countries and biomes (J, 2, 7, 32, 36) (Table 1). 
Overall, our understanding of agriculture- 
driven deforestation is systematically poorer 
in dry forests and wooded savannas and across 
the African continent, in contrast with Latin 
America and the humid tropics. There are 
several reasons for this: First, there is a gen- 
eral neglect of land-use change research in 
Africa (9), where, additionally, the capacity 
of agencies to compile data on agricultural 
production is particularly limited (18, 119). 
Our literature search found comparatively 
fewer studies on recent agriculture-driven 
deforestation in Africa (n = 6), compared with 
Latin America (n = 27) and Asia (n = 26) 
(table S5). Tropical dry forests are also less 
researched than wet forests (116, 120). Sec- 
ond, remote-sensing mapping of forests and 
agricultural land cover and their changes is 
generally more difficult in heterogeneous land- 
scapes, e.g., where tree cover and canopy struc- 
ture vary, and where smallholder and shifting 
agriculture results in small, irregularly shaped, 
temporally dynamic patches of cultivated land 
interspersed with natural vegetation (/, 121, 122). 
These challenges are exacerbated by difficulties 
in discriminating vegetation types for interme- 
diate levels of tree cover, such as in savannas, 
shrublands, and sparsely forested woodlands, 
which are more prevalent on the African con- 
tinent (30, 77, 116). 

This disparity in our understanding of the 
dry and seasonal tropics compared with the 
wet tropics (Table 1) is particularly striking 
given that about one-third of all tropical dry 
forests and woodlands are in active deforesta- 
tion frontiers (56). Further emphasis on de- 
forestation in the dry and seasonal tropics 
would also challenge the disproportionate 
prioritization of international conservation 
funding towards moist forest biomes (123). 


Conclusions 


The synthesis of current data on agriculture- 
driven deforestation provided here challenges 
conventional wisdom and has profound impli- 
cations for policy. The central insight from our 
Review is the distinction—and discrepancy— 
between agriculture-driven deforestation and 
deforestation resulting in active agricultural 
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production. Although as much as 90 to 99% of 
deforestation occurs in landscapes where agri- 
culture is the main driver of TCL, only 45 to 
65% of deforestation can be attributed to the 
expansion of actively managed cropland, pas- 
ture, or tree crops. The implications of this 
discrepancy are wide-ranging for efforts to 
curb deforestation and to mitigate climate 
change. The most recent global carbon budget 
indicates a stagnation or decline in global 
emissions from land use change, due most 
notably to reduced tropical cropland expan- 
sion (124). However, that assessment does not 
account for forest degradation or the large 
share of deforestation not resulting in agricul- 
tural production identified here. The discrep- 
ancy also highlights two essential conclusions 
that can shape more effective policy responses 
to deforestation. 

First, although public and private policies 
promoting deforestation-free international sup- 
ply chains have a key role to play (96, 125), 
their direct effectiveness in reducing deforesta- 
tion is fundamentally limited given that (i) 
international demand represents only a quar- 
ter of total deforestation resulting in agricul- 
tural production, and (ii) one third to one half 
of agriculture-driven deforestation does not 
result in productive agricultural land. Addi- 
tionally, most supply-chain interventions to 
date have been focused on direct sourcing 
and are restricted in their ability to address 
products associated with deforestation that 
enter supply chains through intermediaries 
(126). International supply chain interventions 
can, in principle, help address some of the 
indirect ways agriculture drives deforestation 
(e.g., by discouraging speculative clearings) 
(127). However, tackling deforestation linked 
with domestic demand as well as the underly- 
ing drivers of agriculture-driven deforestation 
more broadly, such as land-tenure insecurities 
and conflicts, likely requires also broader land 
governance and rural development interven- 
tions (125, 128). Tenure reform, land zoning, 
regulatory reform and enforcement, and ex- 
tension services supporting farmers, all have an 
important role to play in slowing agriculture- 
driven deforestation (125, 128, 129). Many of 
these approaches would likely benefit from 
closer partnerships between demand and supply 
side actors and the scaling up of deforestation- 
free supply chains to deforestation-free regions 
and sectors. There is an urgent need to iden- 
tify and leverage the mechanisms by which 
demand-side supply-chain policies, including 
zero-deforestation commitments, can go be- 
yond their immediate impacts and help moti- 
vate and catalyze broader changes in territorial 
governance. This remains a key research frontier. 

Second, to effectively reduce deforestation, 
interventions need to address the systemic 
interdependencies between the expansion of 
different commodities, requiring a much stronger 
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focus on more comprehensive, landscape- 
level approaches. The most prominent exam- 
ple of this is pasture expansion, which is tightly 
linked to soy expansion and land speculation 
across Latin America. An excessive focus on 
individual commodities, which characterize 
many current policy initiatives, risks under- 
mining the potential to avoid widespread 
leakage and deliver positive reductions in 
deforestation on the ground. 

The unprecedented focus on forest conser- 
vation and nature-based climate solutions in 
the aftermath of the UNFCCC COP 26 and 
heading into the UN Biodiversity COP 15 pro- 
vides a critical moment to ensure that urgent 
efforts to tackle deforestation are guided and 
evaluated by an evidence base fit for purpose. 
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Structural basis of nucleosome disassembly and 
reassembly by RNAPII elongation complex with FACT 


Haruhiko Eharat, Tomoya Kujirait, Mikako Shirouzu, Hitoshi Kurumizaka*, Shun-ichi Sekine* 


INTRODUCTION: In the eukaryotic cell nucleus, 
genomic DNA is stored as chromatin, compris- 
ing multiple nucleosomes carrying various 
genetic and epigenetic information. Gene 
transcription by RNA polymerase II (RNAPID 
intrinsically affects nucleosome structures be- 
cause it requires temporary unfolding of the 
nucleosomes to read the DNA sequence. How- 
ever, RNAPII transcribes genes while main- 
taining the nucleosome structures, suggesting 
the existence of a transcription-coupled mech- 
anism to restore the nucleosomes. However, 
this mechanism has remained elusive. 


RATIONALE: We designed nucleosomal DNA 
templates so that the RNAPII elongation com- 
plex (EC) would stall at the 42-, 49-, 58-, and 
115-bp positions from the nucleosome entry. 
When EC stalls at these positions, its leading 
edge is near super helical locations (SHLs) -1, 
0, +1, and +6, respectively, of the nucleosome. 
Transcription was conducted in the presence 
of the transcription elongation factors Spn1, 
Spt6, Spt4/5, Elfl, PaflC, and TFIIS and the 
histone chaperone FACT. The ECs formed at 
these positions were analyzed by cryo-electron 
microscopy single-particle analysis. 


RESULTS: We obtained six nucleosome-transcribing 
EC structures: EC42, EC49, EC49B, EC58"*, 
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faa 
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=e C 
MOO 


Upstream 


EC58°, and EC115, where the numbers denote 
the DNA positions where EC stalled. The ECs 
contain the RNAPII-associated Spn1, Spt6, 
Spt4/5, Elf1, and PaflC proteins, which con- 
stitute the EC downstream and/or upstream 
edge. The structures represent serial snapshots 
of the EC passage through the nucleosome. In 
EC42, the EC leading edge resides near SHL(-1) 
within the downstream nucleosome, in which 
an ~60-bp DNA segment is removed from 
the histone octamer surface. One of the H2A- 
H2B dimers is exposed and bound with the 
C-terminal tail of the Sptl6 subunit of FACT. 
In EC49, the EC leading edge is just before the 
nucleosomal dyad [SHL(0)], and an ~70-bp 
DNA segment is removed from the histone 
octamer. As one of the H3-H4 dimers is ex- 
posed, the main body of FACT engages with 
the histones primarily through Spt16. An ~30-bp 
DNA segment is also removed from the distal 
end of the nucleosome, and thus only a third 
of the histone octamer surface is covered by 
DNA. This FACT-histone complex probably 
represents the state before its detachment 
from the DNA and its subsequent transfer. In 
EC49B, the nucleosome is shifted downstream 
by ~17 bp, which might have originated by the 
downstream transfer of the FACT-histone inter- 
mediate. By contrast, EC58>“ and EC58°“, in 
which the EC leading edge has overrun the dyad 
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of the original nucleosome, reveal a FACT- 
histone complex transferred upstream of the 
EC. In EC58"*, a FACT-histone hexamer [H2A- 
H2B-(H3-H4).] complex is deposited onto the 
emerging DNA at the EC DNA exit site, and the 
resultant hexasome is wrapped by an ~40 bp 
DNA segment. In EC58°“, the remaining H2A- 
H2B dimer is deposited onto the histone hex- 
amer to form the histone octamer (octasome), 
which is wrapped by an ~75-bp DNA segment. 
Finally, EC115 reveals a near-complete nucleo- 
some on the EC upstream side, with the his- 
tone octamer covered by an ~120-bp DNA 
segment. At the rim of the EC DNA exit, the 
domains of Spt4, Spt5, Spt6, Leol, and Rtfl 
form a “cradle” that flexibly adapts to the 
subnucleosome intermediates in EC58>%, 
EC58°, and EC115, supporting the sequential 
nucleosome reassembly process upstream of 
the EC. 


CONCLUSION: The obtained structures visual- 
ize key steps of nucleosome traversal by the 
EC accompanied by the downstream nucleo- 
some disassembly, followed by its reassembly 
upstream of the EC with the aid of FACT. 
When the EC passes through the nucleosomal 
dyad, the downstream-to-upstream transfer 
of the nucleosomal histones occurs. These 
views explain the mechanism by which the 
nucleosome structures are maintained during 
transcription. m 
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Disassembly of the downstream nucleosome 
Transcription over a nucleosome mediated by the EC and FACT. Cryo-electron microscopy structures of the nucleosome-transcribing ECs: EC42, EC49, ECS 
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EC58°*, and EC115. EC49B is omitted in this figure. The EC contains the transcription elongation factors Spnl, Spt6, Spt4/5, Elfl, and PaflC. These structures show 
snapshots of the EC progression on DNA mediating downstream nucleosome disassembly, followed by reassembly upstream of the EC with the aid of FACT. 
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Structural basis of nucleosome disassembly and 
reassembly by RNAPII elongation complex with FACT 


Haruhiko Ehara'+, Tomoya Kujirai*2+, Mikako Shirouzu’, Hitoshi Kurumizaka’2*, Shun-ichi Sekine!* 


During gene transcription, RNA polymerase II (RNAPII) traverses nucleosomes in chromatin, but the 
mechanism has remained elusive. Using cryo-electron microscopy, we obtained structures of the 
RNAPII elongation complex (EC) passing through a nucleosome in the presence of the transcription 
elongation factors Spt6, Spni, Elfl, Spt4/5, and PaflC and the histone chaperone FACT (facilitates 
chromatin transcription). The structures show snapshots of EC progression on DNA mediating 
downstream nucleosome disassembly, followed by its reassembly upstream of the EC, which is 
facilitated by FACT. FACT dynamically adapts to successively occurring subnucleosome intermediates, 
forming an interface with the EC. Spt6, Spt4/5, and PaflC form a “cradle” at the EC DNA-exit site and 
support the upstream nucleosome reassembly. These structures explain the mechanism by which the 
EC traverses nucleosomes while maintaining the chromatin structure and epigenetic information. 


n the eukaryotic cell nucleus, genomic 

DNA is stored as highly organized, dense 

structures called chromatin. The basic unit 

of chromatin is the nucleosome, a disk-like 

assembly of an ~14’7-bp DNA segment 
wrapped around a histone octamer consisting 
of two copies each of the core histones H2A, 
H2B, H3, and H4. Arrays of nucleosomes with 
various genetic and epigenetic information 
define the chromatin structure and state, de- 
termining gene transcription patterns for the 
regulation of cell growth, embryonic develop- 
ment, and carcinogenesis. Paradoxically, gene 
transcription is a process that intrinsically af- 
fects the chromatin structure and epigenetic 
information because DNA-dependent RNA 
polymerase (RNAP) must temporarily dis- 
assemble nucleosomes when it passes through 
chromatin to transcribe the DNA sequence. 
However, RNAP transcribes genes while main- 
taining nucleosomes, suggesting the existence 
of a transcription-coupled mechanism to re- 
assemble and preserve nucleosomes in the 
wake of the polymerase (/-3). 

During gene transcription, RNAPII is as- 
sociated with many protein factors, including 
transcription elongation factors and histone 
chaperones, which facilitate transcription elon- 
gation in chromatin (J, 2, 4-9). FACT (facilitates 
chromatin transcription), a histone chaperone 
consisting of two protein subunits (Sptl6 and 
Pob3 in yeast; Sptl6 and SSRP1 in humans), is 
implicated in chromatin structure establish- 
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ment and maintenance (JO, 17). FACT is as- 
sociated with nucleosomes in transcribed 
chromatin regions and facilitates the pas- 
sage of RNAPII through the nucleosome by 
mediating both the disassembly of a nucleo- 
some downstream of RNAPII and its reassem- 
bly upstream of RNAPII (77-16). This process 
requires multiple transcription elongation fac- 
tors accompanying RNAPII. The transcription 
elongation factor Spt6 not only enhances 
RNAPII processivity (77-19) but also serves as 
an RNAPII-bound histone chaperone involved 
in nucleosome maintenance during RNAPII 
passage (15, 18, 20-22). Other elongation fac- 
tors, including Spni (IWS1 in humans), Spt4/5 
(DSIF in humans), Elf1 (ELOF1 in humans), 
the Pafl complex (PaflC, consisting of the 
Ctr9, Pafl, Leol, Cdc73, and Rtfl subunits), 
and TFIIS, genetically or physically interact 
with Spt6 and/or FACT and are implicated in 
chromatin transcription and integrity main- 
tenance (21, 23-31). Using cryo-electron mi- 
croscopy (cryo-EM), in the present study, 
we analyzed the structures of nucleosome- 
transcribing RNAPII elongation complexes 
(ECs) obtained in the presence of these factors 
to gain structural insights into how the tran- 
scription machinery traverses a nucleosome by 
mediating its disassembly and reassembly. 


Results 

Cryo-EM analysis 

To obtain structural snapshots of RNAPII tra- 
versing a nucleosome, we designed three nu- 
cleosomal DNA templates so that RNAPII 
would stall at the 42-, 49-, 58-, and 115-bp 
positions from the nucleosome entry (Fig. 1, A 
and B, and methods summary). When RNAPII 
is stalled at these positions, its leading edge 
is near super helical locations (SHLs) -1, 0, 
+1, and +6, respectively, of the nucleosome. 
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Transcription was conducted in the pres- 
ence of the transcription elongation factors 
Spn1, Spt6, Spt4/5, Elf1, PafiC, and TFIIS and 
the histone chaperone FACT, which facilitate 
the nucleosome transcription (Fig. 1A and 
figs. SLA and $2). The RNAPII EC stalled at 
the designed positions (Fig. 1C and fig. SIB). 
These complexes were analyzed by cryo-EM, 
and six EC-nucleosome structures were ob- 
tained (EC42, EC49, EC49B, EC58"*, EC58°*, 
and EC115) (Fig. 1D, figs. S3 to S14, and tables 
S1 and S82), as described below. 


Structure of the EC 


The EC contains Spn1, Spt6, Spt4/5, Elf1, and 
PaflC, which cover almost the entire surface 
of RNAPII to form a large molecular factory 
(Fig. 2 and movie SI). Spni, Elfl, and part of 
PaflC (the trestle helix of the Ctr9 subunit) 
surround the downstream DNA, becoming 
components of the EC downstream edge (Fig. 
2A, left). Spt4, Spt5 (the KOW1 domain), Spt6, 
and PafiC (the Plus3 domain of the Rtfl sub- 
unit and the C-terminal helix of the Leol sub- 
unit) surround the upstream DNA, forming 
the EC upstream edge (Fig. 2A, middle). EIf1 
and Spt5 (the NGN domain) seal the RNAPII 
main channel. These interactions form an 
~40-bp-long tunnel that holds the transcrip- 
tion bubble and parts of the downstream and 
upstream DNAs. Spt6 and Spt5 (the KOW4 
and KOW5 domains) are integrated within the 
RNA exit tunnel, which surrounds approxi- 
mately eight nucleotides of the exiting RNA 
(Fig. 2A, right). PaflC covers the remaining 
surface of RNAPII except for the rim of the sec- 
ondary channel, which is the TFUS-binding site. 

The EC structure reveals several unprece- 
dented features (Fig. 2 and fig. S6). Spn1 is 
located at the tip of the RNAPII clamp, in- 
teracting with the Spt6 N-terminal helices and 
the Spt5 NGN and KOW2 domains (Fig. 2, B 
and C). As for PafiC, the B-barrel domain 
formed between the Pafl and Leol subunits 
binds to a site that overlaps the binding site 
of the homologous domain of TFIIF (Fig. 2D 
and fig. S15). The Leol C-terminal extension 
forms an o helix and interacts with the major 
groove of the upstream DNA (Fig. 2D). The 
Ras-like domain of the Cdc73 subunit is lo- 
cated near the root of the RNAPII stalk, con- 
tacting the Spt6 tSH2 domain (Fig. 2E). The 
C-terminal part of the Rtfl subunit forms a 
helices to bind the Ctr9 subunit. More details 
are described in the supplementary text. 


Downstream nucleosome disassembly 
EC42 with the downstream nucleosome 
partially associated with FACT 


In the EC42 structure, the EC leading edge 
resides near SHL(-1) within the downstream 
nucleosome, in which an ~60-bp segment of 
DNA is peeled from the histone octamer and 
the DNA-binding surfaces of the proximal 
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Fig. 1. Cryo-EM analysis of nucleosome transcription reactions. 
(A) Experimental setup. (B) Transcription templates. (C) Urea poly- 


acrylamide gel electrophoresis analysis of the elo 


contained in the samples analyzed by cryo-EM. (D) Overall structures 


H2A-H2B and H3-H4: dimers are exposed (Fig. 3, 
A and B, and fig. $16). Herein, “proximal” and 
“distal” histones refer to the nucleosomal 
histones proximal and distal, respectively, to 
the transcription start position. Spn1, Spt6 (the 
N-terminal a helices), Elfl, and PaflC (the 
Ctr9 trestle helix) cooperate with RNAPII to 
form the EC downstream edge, facing the 
partially unwrapped nucleosome (Fig. 3A, 
left; fig. S17; and movies $2 and S3). The 
nucleosome orientation relative to the EC is 
similar to that in the previous structure of 
the RNAPII-nucleosome complex containing 
Elf1 and Spt4/5 [SHL(-1).1,] (32), but the 
DNA is peeled slightly more around SHL(-1), 
and the DNA interaction with the H3 2 helix 
is lost in EC42. Spni and the Spt6 N-terminal 
helices (residues 231 to 258) intervene between 
RNAPII and the nucleosomal histone octamer, 
and the Spni core domain directly contacts 
the exposed proximal H3-H4 dimer (Fig. 3B). 
Spni and Spt6 have flexible tails extending 
from the Spni core and the Spt6 N-terminal 
helices, respectively. Although these tails are 
not visible in the density map, they could also 
interact with the histones or the downstream 
DNA. These views are consistent with previ- 
ous reports that Spni and Spté6 interact with 
histones and nucleosomes (20, 33, 34). 

The Sptl6 subunit of FACT comprises the 
N-terminal domain (NTD), dimerization domain 
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(DD), middle domain (MD), and C-terminal do- 
main (CTD), and the Pob3 subunit comprises 
the NTD/DD, MD, and CTD (/7)(Fig. 3C). An 
extra density was observed on the exposed 
DNA-binding surface of the proximal H2A- 
H2B (Figs. 3B and 4A and fig. S18A), and this 
was interpreted as the CTD tail of the FACT 
Sptl6 subunit, as in other FACT-nucleosome 
complex structures (35, 36). The tail density is 
followed by extra density, likely correspond- 
ing to the Sptl6 MD. This suggests that FACT 
is not fully engaged in the nucleosome at this 
stage, although it is tethered to the exposed 
H2A-H2B through the Sptl16 CTD. 


EC49 reveals downstream nucleosome 
unfolding and FACT engagement 


The EC49 structure reveals the state in which 
the EC has further advanced, and its leading 
edge is located just before SHL(O) (dyad) with- 
in the downstream nucleosome (Fig. 3A, mid- 
dle, and fig. S17). An ~70-bp DNA segment 
[SHL(-7) ~ SHL (-1] is peeled from the his- 
tone octamer surface, and most of the DNA 
interactions with the proximal H3-H4 are lost 
(Fig. 4C and fig. S16). An ~30-bp DNA seg- 
ment [SHL(+7) ~ SHL(+5)] is also removed 
from the distal end of the nucleosome, and 
the DNA-binding surface of the distal H2A- 
H2B is partly exposed. Thus, the histone oc- 


tamer in EC49 is wrapped by only an ~55-bp 
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of EC-nucleosome complexes shown in surface representations with ECs in 
the same orientation. RNAPII and DNA are colored gray and orange, 
respectively. Histones are colored as in (A). Remaining components are 


DNA segment. The distal DNA dissociation is 
apparently due to steric hindrance between 
the DNA and the EC, because modeling of the 
DNA causes clashes with Elf1 and the RNAPII 
clamp head. The trajectory of the distal DNA 
would also clash with the proximal DNA be- 
cause it becomes straight due to its removal 
from the proximal H3-H4 (Fig. 41), suggest- 
ing that the removal of the proximal half of 
the DNA itself could destabilize the distal 
DNA binding to histones. 

In EC49, clear density was observed for the 
main body of FACT, which associates with the 
considerably unwrapped nucleosome (Fig. 4C). 
This is consistent with the previous report that 
FACT associates with RNAP-destabilized nu- 
cleosomes (37). The Spti6 MD of FACT inter- 
acts with the H3-H4: tetramer and the proximal 
H2A-H2B dimer and becomes integrated with 
the histone hexamer unit. The densities for the 
H2A-docking domain (residues 84 to 119) and 
the H3 N-terminal helix (residues 45 to 55) are 
missing, and they are displaced by the middle 
part of the Spti6é MD (compare Fig. 4D with 
Fig. 4, B and G, and fig. S18B). The Spti6 
residues V831, T894, and L873 form hydro- 
phobic contacts with 1112, L109, and V101 of 
H3, respectively. The HA1 helix and its flanking 
loop of the Spti6 MD (residues 780 to 812) are 
highly acidic and directly bind the exposed 
basic surface of the proximal H3-H4, around 
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Fig. 2. Cryo-EM structures of the RNAPII EC. (A) Overall structures of the EC 
shown from downstream (left), upstream (middle), and the RNA-exit site (right). 
RNAPII is shown as a white surface model. The RNAPII-associated elongation 
factors are shown as ribbon models overlaid with transparent surface models. 
(B) Close-up view of the downstream elongation factors corresponding to the 
dotted rectangle in (A) (left). The RNAPII clamp and stalk are colored red and 


the H3 al helix (residues 63 to 69) and the 
H4 N-terminal tail region (residues 24 to 32) 
(fig. S1I8C). Moreover, Spt16 has an additional 
a helix (linker helix, residues 484 to 516), 
which was not modeled in the previous FACT- 
nucleosome structures (36) (Fig. 4C). This 
helix is located between the NTD and DD in 
the primary sequence of Sptl16 (Fig. 3C) but 
is integrated within the MD in the tertiary 
structure (Fig. 4D). This helix extends along 
the a2 helix of H2A, and the Spt16 R484 res- 
idue at the tip of the helix could interact with 
nucleosomal acidic patch residues (E61 in 
H2A and E105 in H2B), in good agreement 
with previous reports (38, 39). The Sptl6é CTD 
tail also interacts with the exposed surface of 
the proximal H2A-H2B. Thus, Spti6 disrupts 
the important interaction between H2A-H2B 
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and H3-H4 mediated by the H2A-docking do- 
main (40) while stabilizing the subnucleoso- 
mal structure through its linker helix, MD, 
and CTD. This is consistent with reports that 
FACT prevents the loss of the proximal H2A- 
H2B dimer (J6, 47). 

The Spti6-histone interaction observed 
in EC49 is different from that in the pre- 
viously reported structure of the nucleosome- 
transcribing RNAPII bound with FACT, in 
which the leading edge of RNAPII is located 
at SHL(-4) (35) (Fig. 4H, left). In this SHL(-4) 
structure, the Spt16 MD is not engaged with 
the histones, because the proximal H3-H4 is 
still covered by DNA, which would hinder the 
access of the Sptl6 HAI helix to H3-H4 (Fig. 
4H, right, and fig. S16). Instead, the binding 
mode of the Spt16 MD to the H3-H4 tetramer 
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black, respectively. (C) Close-up view on the interactions around Spnl. The view 
corresponds to the dotted rectangle in (B). (D) Close-up view around the Pafl/ 
Leol B barrel corresponding to the dotted rectangle in (A) (middle). (E) The 
Cdc73 Ras-like domain and the Spt6 tSH2 domain. The view corresponds to the 
dotted rectangle in (A) (right). The RNAPII stalk and Rpb6 are colored black 
and red, respectively. (F) Domain architectures of elongation factor subunits. 


in EC49 is rather similar to that observed in 
the crystal structure of the human Sptil6é MD 
complexed with the DNA-free H3-H4: tetramer 
(42) (Fig. 4H, middle, right). This suggests that 
the FACT Spti6 is only fully engaged with the 
nucleosome when the EC reaches SHL(O) to 
remove nearly half of the nucleosomal DNA 
from the histone octamer, before the detach- 
ment of the FACT-histone intermediate com- 
plex from the DNA and its subsequent transfer. 

The other FACT subunit, Pob3, is located on 
the opposite side of the nucleosome, and its 
MD contacts the nucleosomal DNA around 
SHL(+1) (Fig. 4C). The Pob3 DD and Spti6 DD 
form a domain dimer (FACT DD), which sits 
on the nucleosomal DNA around SHL(+0.5). 
These domain locations are similar to those in 
the SHL(-4) structure (35), but their orientations 
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Fig. 3. Cryo-EM structures of EC-downstream nucleosome complexes. (A) Overall structures of the EC42, EC49, and EC49B complexes. RNAPII is shown as a 
white surface model. Other proteins and nucleic acids are shown in cartoon representation. (B) Close-up view of the EC42 downstream nucleosome and the 
associating factors shown in cartoon representation. (©) Domain architecture of FACT. 


are different, probably because of the dis- 
tinct histone-binding modes of the Sptl6 MD 
(fig. S16). 


EC49B reveals downstream shifting of the 
FACT-nucleosome complex 


In EC49B, the EC is stalled at the same po- 
sition on the template DNA as in EC49. How- 
ever, the nucleosome is shifted downstream by 
~17 bp, and the EC and FACT-nucleosome 
complex are far apart (Fig. 3A, right, and figs. 
SIB and S17). In the nucleosome, the histone 
octamer is rewrapped with DNA to SHL(-1.5) 
(Fig. 4E). The Spti6 MD is detached from 
the histones, because the DNA rewrapping 
around SHL(-1) is incompatible with Spt16 
MD binding to the proximal H3-H4. Because 
of this change, the H2A-docking domain and 
the H3 N-terminal helix became visible (Fig. 4F). 
By contrast, the density map reveals that the 
Spti6 CTD tail remains bound to the proximal 
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H2A-H2B (Fig. 4E and fig. S18D). The FACT 
DD is repositioned and sits on the nucleoso- 
mal dyad, and the Pob3 MD is also reposi- 
tioned and binds the nucleosomal DNA at 
SHL (0 to +0.5). A weak density is observed 
for the putative Pob3 CTD tail, which inter- 
acts with the DNA-peeled surface of the distal 
H2A-H2B and the oN helix of the distal H3 
(fig. S18D). Overall, these FACT-nucleosome 
interactions are similar to those in the pre- 
viously reported FACT-nucleosome complex 
structure (36) (fig. S16). 

The Spt16 engagement with the histones 
and the removal of most of the nucleosomal 
DNA observed in EC49 are likely to facilitate 
the release of the FACT-histone intermediate, 
which can be transferred to other DNA re- 
gions either downstream or upstream of the 
EC. The EC49B structure probably originated 
from the downstream “jump” of the FACT- 
histone intermediate. 
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Upstream nucleosome reassembly 

EC58"° reveals deposition of the histone 
hexamer held by FACT on the upstream 
side of EC 

In EC58"“, the EC leading edge overruns the 
dyad position of the original downstream nu- 
cleosome. EC58"“ no longer has a nucleosome 
density downstream of the EC, but instead 
shows a density for a subnucleosome struc- 
ture upstream of the EC (Fig. 5A, fig. S19, and 
movies S82 and S3). A histone hexamer held by 
FACT is deposited onto DNA at the DNA exit 
site of the EC. This position is ~45 bp upstream 
of the original nucleosome position (fig. S1B). 
The resultant hexasome is only wrapped by 
an ~40-bp DNA segment, covering SHL(-3) 
to SHL(0), representing an early stage of the 
upstream nucleosome reassembly (Fig. 5B). 
Spt4, SptS (KOW1 domain), Spt6 (YqgF and 
DLD domains), Leol (C-terminal helix), and 
Rtfl (Plus3 domain) form the rim of the DNA 
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Fig. 4. Structures of the downstream nucleosome. (A) Structure of the EC42 
nucleosome shown from the Spt6 side (left), the Pob3 side (middle), and the EC side 
(right). SHLs are indicated with dashed lines. (B) Interface between the proximal 
H2A-H2B and the distal H3-H4 in EC42. A red transparent surface is overlaid 

on the H2A-docking domain. (C) Structure of the EC49 FACT-nucleosome complex. 
Transparent surfaces are overlaid on the Sptl6 and Pob3 cartoon models. (D) Binding 
interface of Sptl6 MD to histones observed in EC49 with the missing H2A-docking 
domain. The view is same as in (B). The interface residues are shown as spheres. 
(E) Structure of the EC49B FACT-nucleosome complex. (F) The H2A-docking domain 
and the detached Sptl6 MD observed in EC49B. (G) Crystal structure of the intact 
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601 nucleosome [PDB: 3LZO (61)]. A red transparent surface is overlaid on the 
H2A-docking domain. SHLs 0 to -6 are indicated with dashed lines. (H) Structural 
comparisons of the SHL(-4)-FACT-nucleosome complex [PDB: 7NKY (35), left], 

the DNA-free Sptl6-(H3-H4)2 complex [PDB: 422M (42), middle], and the EC49 
nucleosome in this study. In the right panel, the three structures are overlaid in the 
same orientation as in (C) (right), and their Sptl6 MD HAI helices are indicated by 
arrows. The location of the wrapped DNA in the SHL(-4) structure is indicated by an 
orange dashed line, which interferes with the Sptl6 MD binding. (I) Superimposition 
of the EC49 nucleosome with the intact nucleosome showing the incompatibility of the 
nucleosome core particle (NCP) distal end and the unwound DNA in EC49. 
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Fig. 5. Cryo-EM structures of EC-upstream nucleosome complexes. 

(A) Overall structure of the EC58"° complex. (B) Interactions between the 
FACT-subnucleosome and the elongation factors in EC58"°. The elongation 
factor domains constituting the cradle and the FACT subunits are shown as 
ribbon models with transparent surfaces, with RNAPII removed for clarity. 


exit and serve as a “cradle” to accommodate 
the FACT-hexasome complex (Fig. 5, B and C). 
The Spti6 MD contacts the Spt5 KOW1 domain 
and the Spt6 DLD domain, and the FACT DD 
contacts the Rtfl Plus3 domain (Fig. 5B and 
fig. S20B). The exposed face of the distal H3 
directly contacts the acidic face of Spt4. 

In the FACT-hexasome complex, the histone 
hexamer is sandwiched between the Spti16 and 
Pob3 MDs in a unique binding mode (Fig. 5B 
and fig. S16). The binding manner of the Spti6 
MD to the histone hexamer is similar to that in 
EC49. The HAI helix of the Spti6 MD interacts 
with the exposed basic surface of the distal 
H3-H4, confirming that this engagement de- 
pends on the lack of H3-H4 interactions with 
DNA around SHL(-1). By contrast, the Pob3 
MD interacts differently with the histone hex- 
amer compared with that in EC49. It directly 
contacts the H3-H4 tetramer surface, which 
partially overlaps with the H2A-H2B-binding 
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site (Fig. 6). The Pob3 MD binding to H3-H4 
probably occurs because the histone hexamer 
lacks the proximal H2A-H2B, and thus there is 
no steric hindrance between the Pob3 MD and 
H2A-H2B. This unique Pob3-hexasome bind- 
ing mode is similar to that in the previously 
reported human FACT-hexasome complex struc- 
ture (36) (fig. S16). The FACT DD in EC582™ 
resides in an intermediate position between 
those in EC49 and the human complex struc- 
ture, probably because of steric restrictions 
caused by the Sptl6 MD and Pob3 MD posi- 
tions. We presume that the observed structure 
of the histone hexamer held between the Spti6 
and Pob3 MDs represents the structure of the 
putative FACT-histone transfer intermediate. 


EC58°* with the FACT-octasome complex 
on the EC upstream side 


In EC58°, the EC is located at the same DNA 
position as that in EC58"™ but reveals a sub- 
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(C) Close-up view of the upstream cradle shown from the nucleosome side. 
(D) Overall structure of the EC53°* complex. (E) Interactions between the FACT- 
subnucleosome and the elongation factors in EC58°°', with RNAPII removed for 
clarity. (F) Overall structure of the EC115 complex. (G) Interactions between the 
nucleosome and the elongation factors in EC115, with RNAPII removed for clarity. 


nucleosome structure (octasome) containing 
a histone octamer held by FACT on the EC 
upstream side (Fig. 5D and fig. S19). EC58°* 
likely represents the state in which the prox- 
imal H2A-H2B dimer is further deposited 
onto the histone hexamer in EC58"**. An 
~75-bp DNA segment is wrapped around the 
histone octamer, encompassing SHL(-6) to 
SHL(+0.5) (Fig. 5E and fig. S16). The FACT- 
octasome in EC58°" is similar to that in EC49, 
although the entire surface of the proximal 
H2A-H2B is covered by DNA in EC58°“. In 
contrast to EC58>“, the Pob3 MD is detached 
from the H3-H4 tetramer surface in EC58°“, 
probably due to steric hindrance with the added 
proximal H2A-H2B (Fig. 6). This suggests that 
H3-H4 binding by the Pob3 MD and by the 
H2A-H2B are mutually exclusive. 

The FACT-subnucleosome orientations rel- 
ative to the EC are different between EC58"™ 
and EC58°“. In EC58°", the upstream DNA is 
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Fig. 6. Structures of the upstream subnucleosomes. (A) Structure of the hexasome associated with FACT in EC58"* in two different orientations. (B) Structure of 
the octasome associated with FACT in EC58°** in two different orientations. 


slightly bent and the FACT-octasome com- 
plex is rotated by ~70° relative to the FACT- 
hexasome complex in EC58°" (Fig. 5E and 
fig. S20A). This change is due to the hexasome 
to octasome conversion. Because the nucleo- 
somal DNA covers the proximal H2A-H2B 
dimer in EC58°, the octasome would need to 
change its orientation to avoid steric clashes 
of the DNA with Spt4 and the Leol C-terminal 
helix. This switches the interaction manner 
between the FACT-subnucleosome complex 
and the EC cradle (fig. S20B). The Sptl6 MD 
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binds the Spt6 YqgF and Spt5 KOW1 domains, 
mainly through its HAI helix. The exposed 
distal H3-H4 is close to the Spt6 DLD domain. 
The FACT DD maintains the contact with Rtfl 
Plus3, which changes its location according to 
the FACT reorientation. 


EC115 with a near-complete nucleosome 
on the upstream side of EC 


The leading edge of EC115 resides in a DNA 
position near the exit of the original down- 
stream nucleosome. EC115 reveals a nearly 
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complete nucleosome structure on the up- 
stream side of the EC (Fig. 5F and fig. S19). 
The nucleosome resides ~15 bp downstream 
of that in EC58>/EC58°, suggesting that 
the nucleosome has adapted to a more fa- 
vorable DNA region (fig. S1B). The histone 
octamer is covered by an ~120-bp DNA seg- 
ment from SHL(-7) to SHL(+4.5) (fig. S16). 
No density for FACT is visible, indicating 
that FACT has already dissociated from the 
nucleosome at this stage. This is probably 
because the distal H3-H4 and nearly half of 
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(i) 


“ap 


| ec 


Deposition of the 
proximal H2A-H2B 


Exposure of H3-H4 
Full engagement of FACT 


Histone 
detachment 


Nucleosome reassembly 
at downstream 


DNA re-wrapping and 
FACT detachment 


Fig. 7. Schematic model of transcription over a nucleosome mediated by EC and FACT. Models of (ii), (iii), (iii’), (v), (vi), and (vii), as marked with 
red rectangles, are based on the cryo-EM structures of EC42, EC49, EC49B, EC58"™*, EC58°t, and EC115, respectively. The FACT-histone complex in (iv) was 


modeled based on that in EC58"™* without DNA. 


the distal H2A-H2B are rewrapped by DNA, 
and its presence is incompatible with the 
Spti6 MD and CTD binding. The remaining 
exposed surface of the distal H2A-H2B con- 
tacts the acidic face of Spt4 and the Spt5 
KOW1 domain in the cradle (Fig. 5G). As 
mentioned above, Spt4 also interacts with 
the exposed H3-H4 in EC58"%, suggesting 
its histone chaperone-like role. This might 
be relevant to the observation that Spt4 in- 
fluences the positions and spacing of gene- 
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body nucleosomes (43). The Leol C-terminal 
helix is also close to H2A-H2B. Thus, the 
cradle flexibly adapts to the dynamically 
changing structures and orientations of the 
subnucleosome intermediates formed in 
EC58>*%, EC58°, and EC115, and may pro- 
vide a platform to support the sequential 
nucleosome reassembly process upstream of 
the EC (fig. S20B). Finally, we performed 
transcription on temp115 in the absence of 
Spt6, Spni, PaflC, and FACT and analyzed 
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the formed complex by cryo-EM. No clear 
nucleosome structure was observed either 
upstream or downstream of RNAPII, indicat- 
ing the significance of these factors in the up- 
stream nucleosome reassembly (fig. S21). 


Discussion 


In the present study, we performed nucleo- 
some transcription by RNAPII in the pres- 
ence of transcription elongation factors and 
histone chaperones and obtained snapshots 


8 of 11 


RESEARCH | RESEARCH ARTICLE 


of nucleosome disassembly followed by reas- 
sembly according to the RNAPII progression. 
RNAPII forms an EC with Spni, Spt6, EIf1, 
Spt4/5, and PaflC, which compose the nu- 
cleosome disassembly face downstream of the 
EC and the reassembly face (cradle) upstream 
of the EC. 

On the basis of the obtained structural 
snapshots, we propose the following mech- 
anism by which the EC cooperates with FACT 
to mediate the histone transfer for the EC tra- 
versal through a nucleosome (Fig. 7). First, the 
EC approaches the downstream nucleosome 
to start unwrapping DNA from the proximal 
histones (i). Second, once the proximal H2A- 
H2B is exposed, FACT begins to access the 
histones through the Spt16 CTD tail (ii). At 
this stage, the main body of FACT does not 
stably bind the nucleosome. Third, as the 
EC edge approaches the nucleosomal dyad 
[SHL(O)], removing DNA from the proximal 
H3-H4, Spti6 is fully engaged with the his- 
tones (iii). The Sptl6 MD and the linker helix 
clutch the histone hexamer unit consisting of 
the H3-H4 tetramer and the proximal H2A- 
H2B dimer. At this stage, the distal DNA is 
simultaneously unwrapped, and only a third of 
the histone octamer surface is covered by DNA. 
Fourth, further EC advancement causes histone 
detachment from the DNA for the subsequent 
histone transfer to the upstream DNA (iv). 
FACT holds the histone hexamer with its main 
body and presumably tethers the dissociated 
distal H2A-H2B dimer through the Pob3 CTD 
(44), although the latter might be less efficient, 
as indicated by the loss of a single H2A-H2B 
dimer in vitro (45) and the faster H2A-H2B 
exchange over H3-H4 in vivo (46, 47). We spec- 
ulate that the tail domains of Spn1, Spté, EIf1, 
Spt5, Rtfl, Leol, and Ctr9 (32, 48), which are 
not observed in the current structures, could 
interact with the detached FACT-histone inter- 
mediate to prevent its diffusion, for its efficient 
upstream transfer. Alternatively, the FACT- 
histone octamer complex can be transferred 
downstream (iii’). When the EC catches up 
with the downstream-shifted nucleosome, it 
would help to regenerate the FACT-histone 
intermediate for its upstream transfer. Fifth, 
the cradle on the upstream side of the EC 
captures the histone hexamer held by FACT, 
which deposits the histone hexamer on the 
DNA exiting from the EC to form the hexasome 
(v). Sixth, the remaining H2A-H2B is deposited 
on the hexasome to reassemble the octasome 
(vi). Finally, further EC progression extends 
the exiting upstream DNA, which rewraps the 
distal H3-H4, causing FACT dissociation (vii). 
The EC cradle adapts to the series of upstream 
intermediates, supporting the nucleosome re- 
assembly process. Further transcription would 
lead to rewrapping of the distal H2A-H2B and 
the formation of a complete nucleosome be- 
hind the EC. This model explains the mecha- 
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nism by which the nucleosomal histones and 
histone modifications are preserved in the 
wake of the transcription machinery. 

The (sub)nucleosome structures in EC5: 
EC58°", and EC115 are shifted upstream rela- 
tive to the initial nucleosome position, sug- 
gesting that the transcription-coupled histone 
transfer from the EC downstream to the up- 
stream is accompanied by a nucleosome up- 
stream shift. The magnitude of the shift would 
vary, depending on the DNA sequence context, 
the EC elongation rate and the pause proba- 
bility. In fact, the nucleosome position in 
EC115 is shifted ~15 bp downstream relative 
to that in EC585°/EC58°, In addition, if the 
upstream histone transfer occurs after the 
nucleosome is shifted downstream, as ob- 
served in EC49B, then the net upstream shift 
becomes smaller. Chromatin remodelers, such 
as Chd1 and Isw1, might move the reassembled 
nucleosome back to the original position to 
restore the nucleosome positions and spacing 
in chromatin (2, 49). It was previously pro- 
posed that RNAPII alone can pass through a 
nucleosome through a looped-template inter- 
mediate (“O loop”) without shifting the nu- 
cleosome position (45, 50, 51). A recently 
reported structure of an RNAPII-nucleosome 
complex contained an approximately 90-bp 
looped-template DNA, which was proposed to 
mediate the nucleosome retention (52). These 
@-loop and 90-bp-loop models are likely to dif- 
fer from our current mechanism, which relies 
on elongation factors and histone chaperones. 

The structures of EC49, EC58"*, and EC58°* 
reveal that the Sptl6 MD becomes a common 
interface between the EC and subnucleosome 
structures either downstream or upstream of 
the EC. The HAT helix of the Sptl6 MD always 
faces the EC, and thus the proximal histones 
in the downstream nucleosome could become 
the distal histones in the upstream nucleosome 
when they are transferred from downstream to 
upstream of the EC. This suggests that the 
traverse across the nucleosome by the EC is 
accompanied by the flipping of the histone 
octamer, implying that transcription re- 
verses the histone orientations in gene-body 
nucleosomes. 

The current structures of the EC and the 
downstream and upstream (sub)nucleosomes 
provide a solid foundation for future studies 
on chromatin transcription, transcription- 
coupled histone modification, chromatin 
remodeling, DNA repair, and more. Nucleo- 
some disassembly and reassembly also ac- 
company DNA replication, in which FACT 
could mediate histone transfer in a similar 
way to transcription. These aspects are sub- 
jects for future studies. 


Boe 


Methods Summary 


We previously established a method to analyze 
the nucleosome-transcribing RNAPII struc- 
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tures by combining in vitro transcription of 
a nucleosomal DNA template by a purified 
enzyme and cryo-EM analysis of the RNAPII- 
nucleosome complex species formed during 
the reaction (32, 53). In the present study, to 
capture structural snapshots of EC traversing 
the nucleosome, three nucleosomal DNA tem- 
plates were designed (Fig. 1, A and B): temp42/ 
58, containing two thymidine (T) tracts at posi- 
tions 42 and 58 relative to the nucleosome 
entry and a T-less region from the transcription 
start position to the first T tract (53), and 
temp49 and temp115, containing a T tract at 
positions 49 and 115, respectively. Assuming 
that the RNAPII catalytic sites are at posi- 
tions 42, 49, 58, and 115, the RNAPII leading 
edge is expected to reach SHL(-1), SHL(0) 
(dyad), SHL(+1), and SHL(+6), respectively. 
Transcription was conducted in the yeast 
Komagataella pastoris RNAPII with the tran- 
scription elongation factors Spt6, Spn1, Spt4/5, 
EIfl, PaflC, and TFHS and the histone chaper- 
one FACT. The reaction also contained P-TEFb 
and casein kinase IIT (CK2). P-TEFb phospho- 
rylates Spt4/5, PaflC, and the CTD of the 
RNAPII Rpb1 subunit, promoting Spt6 and 
PafiC binding to RNAPII (26, 54). CK2 phos- 
phorylates FACT, Spt6, EIlf1, PaflC, and his- 
tone H2A and facilitates FACT-nucleosome 
and Spt6-Spn1 interactions (24, 55-59). The 
transcription experiment showed that Spt6, 
Spnl, Spt4/5, Elf1, and PaflC enhance the 
RNAPII processivity through the nucleosomal 
template (fig. SLA). FACT addition generated 
the RNAPII fractions stalled beyond the nu- 
cleosomal dyad, as observed previously (6). 
For the cryo-EM sample preparation, tran- 
scription was conducted with all of these 
factors on temp42/58, temp49, and temp115 
in the presence of 3'-deoxyadenosine triphos- 
phate (Fig. 1A). Transcription was stalled at 
the expected T positions within the three 
templates (Fig. 1C). For temp42/58, RNAPII 
stalled at the 42nd and 58th T positions, the 
latter of which was due to the readthrough 
of the first T tract by a certain fraction of 
RNAPII. The complex species formed in each 
transcription experiment were cross-linked 
and partially purified by the gradient fixation 
(GraFix) method (60) for structure determi- 
nation by cryo-EM single-particle analysis. 
For cryo-EM analyses, 54741, 35110, and 
33987 micrographs were collected from the 
samples prepared with temp42/58, temp49, 
and temp115, respectively (table S1). Initial 
data processing revealed that these samples 
are highly heterogeneous in terms of the 
nucleosome arrangement relative to RNAPII 
and the presence or absence of protein fac- 
tors. Therefore, we first focused on reconstruct- 
ing the RNAPII EC map using the temp42/58 
dataset while masking out the nucleosomes 
(fig. S3). In the consensus reconstruction, the 
densities for the elongation factors, especially 
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those on the periphery of the complex, are 
of lower quality because of their flexibility. 
These densities were improved by focused 
classifications. By combining seven locally 
refined maps, we built an atomic model of 
the RNAPII EC containing Spn1, Spt6, Spt4/5, 
Elf, and PafiC (figs. S4 to S6). 

Starting from the consensus EC particles, 
extensive three-dimensional classifications were 
performed to determine the EC structures 
bound with a nucleosome (Fig. 1D, figs. S7 to 
$13, and table S2). The temp42/58 dataset 
yielded three complexes: a complex in which 
the EC stalls at the 42nd T position (EC42) 
and two complexes in which the EC stalls at 
the 58th T position (EC58"™ and EC58°"). 
The temp49 and temp115 datasets yielded 
two complexes at the 49th T position (EC49 
and EC49B) and a complex at the 115th 
position (EC115). EC42 contains a nucleo- 
some that is partially associated with FACT 
at the downstream edge of the EC. EC49 
and EC49B reveal a substantially unwrapped 
nucleosome associated with FACT downstream 
of the EC. By contrast, EC58™ and EC58°* 
represent subnucleosome structures at the 
upstream edge of the EC and contain a his- 
tone hexamer and octamer bound with FACT, 
respectively. EC115 reveals a near-complete 
nucleosome located upstream of the EC, but 
no density for FACT is visible in this struc- 
ture. More details are described in the sup- 
plementary materials. 
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INTRODUCTION: The evolutionary expansion of 
the neocortex and the concomitant increase 
in neuron production are considered to be a 
basis for the increase in cognitive abilities that 
occurred during human evolution. Endocast 
analyses reveal that the endocranial volume of 
modern humans and Neanderthals was similar, 
suggesting similar brain and neocortex size. 
But whether similar neocortex size im- 

plies similar neocortical neuron pro- 
duction remains unclear. 


RATIONALE: Transketolase-like 1 (TKTL1) 
is a gene from the transketolase family 
that in fetal human neocortex is pref- 
erentially expressed in the two classes 
of neuroprogenitors, the apical pro- 
genitors in the ventricular zone and 
the basal progenitors in the subven- 
tricular zone. The latter class of neu- 
roprogenitors comprises two major 


TKTL1 with lysine 


archaic TKTL1 (aTKTL1) and modern human 
TKTLI (hTKTLI) exert similar effects on neu- 
roprogenitors during neocortex development. 


RESULTS: When expressed in mouse embryo 
neocortex, which lacks TKTL1 expression, 
hTKTL1 increased the abundance of bRG with- 
out affecting that of bIPs and that of apical 


Neanderthals Modern humans 


TKTL1 with arginine 


- Fy 


increased not only bRG abundance but also the 
proportion of bRG with multiple processes, a 
hallmark of bRG that can self-amplify. As a 
consequence of this effect, gyrus size increased. 

In fetal human neocortex, hTKTL1 was es- 
sential to maintain the full number of bRG, as 
CRISPR-Cas9-mediated hTKTL1 knockout in 
fetal human neocortical tissue reduced this num- 
ber. To further demonstrate the relevance of this 
effect, we converted hTKTL1 to the Neanderthal 
variant aTKTL1 in human embryonic stem cells 
and generated minibrain structures called cere- 
bral organoids. The aTKTL1-expressing organ- 
oids contained fewer bRG and neurons, hence 
the human-specific lysine-to-arginine substitu- 
tion in hTKTL1 is essential for maintaining the 
full number of bRG and neurons in this human 
brain model. In fetal human neocortex, hTKTL1 
expression in neuroprogenitors increased during 
the course of neurogenesis and was partic- 
ularly high in the developing frontal lobe as 
compared to the developing occipital lobe. 

As to its mechanism of action, hTKTL1 
increased bRG abundance via two meta- 
bolic pathways, the pentose phosphate 
pathway (PPP) followed by fatty acid 
synthesis. Inhibition of the PPP or of 
fatty acid synthesis, using a variety 
of specific inhibitors, completely sup- 
pressed the hTKTL1-induced increase 
in bRG abundance in embryonic mouse 
neocortex and reduced bRG numbers 
in fetal human neocortical tissue. This 
metabolic action of hTKTLI, but not 
aTKTLI1, in bRG resulted in an in- 


types, the basal intermediate progen- 


itors (bIPs) and the basal radial glia bRG 


Neurons DRG { 


Neurons } 


crease in the concentration of acetyl- 
coenzyme A, the critical metabolite for 


(bRG, also called outer radial glia). 
bRG exhibit cellular processes that pro- 
mote their ability to self-amplify, and 
are the neuroprogenitor type con- 
sidered to be a driver of the increase in 
cortical neuron production, which is a 
hallmark of the evolution of the human 
neocortex. Reflecting their cell polarity, 
bRG undergo repeated asymmetric di- 
visions that self-renew the bRG and gen- 
erate one neuron each. Thereby, bRG 
generate more neurons over time than 
the other type of neuron-generating 
basal neuroprogenitors, the process- 
lacking bIPs whose neurogenic divi- 
sions are symmetric self-consuming. 
TKTL1I is one of the few proteins with 
a single amino acid substitution found in es- 
sentially all present-day humans but absent 
from extinct archaic humans, the Neanderthals 
and Denisovans, and other primates. This 
human-specific amino acid substitution in 
TKTL1 is a lysine in apes and archaic humans 
but an arginine in modern humans. We there- 
fore investigated (i) whether TKTL1 has a role 
in neocortex development and affects neu- 
roprogenitor numbers and (ii) whether both 


contain 
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TKTL1 and hominin cortical neurogenesis. The single lysine-to- 
arginine substitution in modern human TKTL1 leads to greater bDRG 
numbers than in Neanderthals. These bRG in turn generate more 
neocortical neurons in modern humans. Because TKTL1 expression in 
fetal human neocortex is particularly high in the developing frontal 
lobe, these findings imply that the frontal lobe of modern humans 

S more neurons than that of Neanderthals. 


progenitors. The effect of TKTL1 on bRG abun- 
dance was limited to hTKTL1; aTKTL1, which 
differs only by one amino acid, was unable to 
increase bRG abundance. The greater bRG 
abundance upon hTKTL1 expression resulted in 
an increase in cortical neuron production over 
time, specifically of the late-born upper-layer 
neurons rather than of the early-born deep- 
layer neurons. In the folded (gyrencephalic) 
developing ferret neocortex, hTKTLI expression 


fatty acid synthesis. Our data suggest 
that hTKTLI, but not aTKTL1, promotes 
the synthesis of membrane lipids con- 
taining a certain type of fatty acid that 
are required for the outgrowth of bRG 
processes and hence for the increase 
in bRG abundance. 


CONCLUSION: In light of our finding 
that TKTLI expression in fetal human 
neocortex is particularly high in the 
developing frontal lobe, our study 
implies that because of the single 
amino acid-based activity of hTKTL1, 
neocortical neurogenesis in modern 
humans was and is greater than it 
was in Neanderthals, in particular 
in the frontal lobe. 
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Neanderthal brains were similar in size to those of modern humans. We sought to investigate 
potential differences in neurogenesis during neocortex development. Modern human transketolase-like 1 
(TKTL1) differs from Neanderthal TKTL1 by a lysine-to-arginine amino acid substitution. Using 
overexpression in developing mouse and ferret neocortex, knockout in fetal human neocortical tissue, 
and genome-edited cerebral organoids, we found that the modern human variant, hTKTL1, but not 

the Neanderthal variant, increases the abundance of basal radial glia (bRG) but not that of intermediate 
progenitors (bIPs). bRG generate more neocortical neurons than bIPs. The hTKTL1 effect requires 

the pentose phosphate pathway and fatty acid synthesis. Inhibition of these metabolic pathways reduces 
bRG abundance in fetal human neocortical tissue. Our data suggest that neocortical neurogenesis in 


modern humans differs from that in Neanderthals. 


hether and how cognitive abilities of 
modern humans might differ from 
those of extinct archaic humans such 
as Neanderthals remains a matter of 
debate (7). Discovery of artifacts and 
art of presumably Neanderthal derivation (2, 3) 
fuels the debate. Cognitive abilities reside pri- 
marily in the neocortex, the largest and most 
recently evolved part of the brain, which is pres- 
ent only in mammals. The evolutionary expan- 
sion of the neocortex and the concomitant 
increase in neuron production are considered 
to be a basis for the increase in cognitive abil- 
ities that occurred during human evolution 
(4). Analyses of endocasts indicate that the 
endocranial volume of modern humans and 
Neanderthals was similar, suggesting similar 
brain and neocortex size (5). But whether sim- 
ilar neocortex size implies similar neocortical 
neuron production has remained unclear. 
One approach to address this question would 
be to compare key features of neocortex de- 
velopment between modern humans and 
Neanderthals, using appropriate model sys- 
tems and focusing on the actions of modern 
human versus Neanderthal variants of key 
genes that govern neocortex development. Of 
particular interest here are genes that influ- 
ence the behavior of neural progenitor cells 
(neuroprogenitors) in the fetal neocortex, as 
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their abundance and proliferative capacity 
determine the number of cortical neurons 
generated during development (6, 7). 

Two principal classes of neuroprogenitors 
are present in the developing neocortex, re- 
ferred to as apical progenitors (APs) and basal 
progenitors (BPs). APs, the primary class, reside 
in the ventricular zone (VZ). After the onset 
of neurogenesis, the major AP type is the 
apical (or ventricular) radial glia (aRG). Rather 
than producing neurons, aRG generate mostly 
BPs, the secondary class of neuroprogenitors. 
Newborn BPs migrate to the subventricular 
zone (SVZ), from where they generate most 
of the cortical neurons (7). 

Two types of BPs have been characterized, 
referred to as basal intermediate progenitors 
(bIPs) and basal (or outer) radial glia (bRG). In 
mammals with a small and lissencephalic neo- 
cortex, such as mice, ~90% of the BPs are neu- 
rogenic bIPs that typically divide once to give 
rise to two neurons [(7) and references therein]. 
bRG constitute only ~10% of the BPs in embry- 
onic mouse neocortex (8-0). In contrast, in fer- 
rets (a gyrencephalic carnivore) and in primates 
such as marmosets, macaques, and humans, 
bRG constitute ~50% of the BP pool (8, 77-13). 
This increase in the relative abundance of bRG 
is considered to drive the increase in cortical 
neuron production that is a hallmark of the 
evolution of the human neocortex (6, 14, 15). 

In contrast to bIPs, neurogenic divisions of 
bRG are typically asymmetric, generating a 
bRG (self-renewal) and a neuron (7, 12, 73). 
This mode of cell division reflects the presence 
of cell polarity of bRG, evident as a basal pro- 
cess, which is lacking in bIPs (7, 12, 13). DRG 
generate more cortical neurons over time than 
bIPs (72). 


9 September 2022 


A gene that could influence the behavior of 
neuroprogenitors in fetal human neocortex is 
transketolase-like 1 (TKTLI) (16). TKTL1 be- 
longs to the transketolase family of enzymes. 
It operates in the pentose phosphate pathway 
(PPP), a metabolic pathway linked to glycol- 
ysis (17-19). We focused on TKTLI because: 
(i) TKTL1I is preferentially expressed in neuro- 
progenitors, including bRG, of fetal human 
neocortex (20-23). (ii) TKTLI, implicated in 
human tumors (24, 25) and tumor cell prolif- 
eration (19, 26), may also increase neuropro- 
genitor numbers. (iii) TKTL1 is one of the few 
proteins with an amino acid substitution found 
in essentially all present-day humans and ab- 
sent from extinct archaic humans, Neanderthals 
and Denisovans, and other primates (27). 

The human-specific amino acid substitution 
at residue 317 in the long isoform of TKTL1 
(corresponding to amino acid residue 261 in 
the short isoform) is a lysine in apes and 
archaic humans but an arginine in modern 
humans (27). We therefore investigated (i) 
whether TKTL1 has a role in neocortex de- 
velopment and affects neuroprogenitor be- 
havior and (ii) whether both archaic TKTL1 
(aTKTL1) and modern human TKTL1 (hTKTLI) 
exert similar effects on neuroprogenitors during 
neocortex development. We find that hTKTL1 
but not aTKTL1 increases the abundance of 
bRG, but not bIPs, in developing neocortex. 
We suggest that more neocortical neurons are 
generated during neurogenesis in modern 
humans than in Neanderthals. 


TKTL1 expression in fetal human neocortex 


Analysis of published transcriptome datasets 
(21-23) revealed that in the human neocortex 
at 13 to 16 postconception weeks (PCW), TKTL1 
mRNA is expressed in the VZ and inner and 
outer SVZ (iSVZ and oSVZ) but not the corti- 
cal plate (CP) (fig. SIA). Accordingly, TKTL1 
mRNA is expressed in aRG and bRG isolated 
from PCW 13 or PCW 16-17 human neocortex. 
Tktll mRNA is not expressed in embryonic 
day 14.5 (E14.5) mouse neocortex (fig. S1A). 
Further analysis showed that the TKTL1 iso- 
form expressed in fetal human neocortex is 
the short isoform, encoding a 540-amino acid 
protein (fig. S1, B, D, and E), with the amino 
acid change at position 261 (fig. S1H). 


Highest TKTL1 expression in frontal lobe 


TKTLI expression in fetal human neocortex by 
reverse transcription quantitative polymerase 
chain reaction was found to increase with 
development (PCW 9 to 15; fig. S1, D and E). 
Consistent with a previous report (28), TKTL1 
expression increased at PCW 17 in the frontal 
lobe, but not the occipital lobe, of fetal human 
neocortex (fig. S1, F and G). This increased 
expression in frontal lobe was already de- 
tectable in VZ and SVZ of PCW 11 neocortex 
by in situ hybridization (fig. S1C). 
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hTKTLI, not aTKTLI1, increases bRG abundance 
As Tktl1 mRNA is not expressed in the embry- 
onic mouse neocortex, this system facilitated 
investigation of whether ectopic expression 
of ATKTL1 or aTKTLI1 would affect neuropro- 
genitor abundance. For this purpose, we per- 
formed in utero electroporation (IUE) of a 
plasmid encoding hTKTL1 or aTKTUI, or of an 
empty vector (control), along with a plasmid 
encoding green fluorescent protein (GFP) to 
allow the identification of the progeny of the 
electroporated cells, in mouse lateral neo- 
cortex at E13.5, followed by analysis at E15.5. 
Immunofluorescence confirmed expression of 
hTKTL1 and aTKTLI in electroporated neo- 
cortex (fig. S2A). 

Immunofluorescence for the mitotic mark- 
ers phospho-vimentin (pVim) (Fig. 1A) and 
phospho-histone H3 (PH3) (fig. S2C) revealed 
no change in the abundance of GFP* ventricular 
mitoses, which correspond to mitotic aRG, upon 
hTKTLI or aTKTLI IVE (Fig. 1B and fig. S2D). 
In contrast, the abundance of GFP* mitotic BPs 
was increased in hTKTLI-electroporated, but 
not in aTKTL1I-electroporated, neocortex (Fig. 1C 
and fig. S2E). Likewise, immunofluorescence 
for the cycling cell marker PCNA (fig. S2F) re- 
vealed no change in the percentage of cycling 
APs (fig. S2G) but an increase in the percentage 
of cycling BPs upon hTKTL1, but not aTKTL1, 


electroporation (fig. S2H). We next assessed 
the presence (bRG) versus absence (bIPs) of 
pVim* processes among the GFP" BPs (12, 13). 
Whereas the abundance of mitotic bIPs was not 
affected (Fig. 1D), the abundance of process- 
bearing pVim* GFP”* BPs (i.e., bRG) was in- 
creased by a factor of 4 upon hTKTLI, but not 
aTKTLI, expression (Fig. 1E). Thus, mitotic bRG 
accounted for only ~10% of all mitotic BPs in 
control [as shown previously (8-J0)] and in 
aTKTL1-electroporated embryonic mouse neo- 
cortex, but accounted for 33% of all mitotic BPs 
in hTKTL1-electroporated neocortex (fig. S2B). 
Hence, hTKTLI, but not aTKTLI, increases 
selectively bRG abundance without affecting 
bIP abundance. 

In embryonic mouse medial neocortex, DRG 
abundance is greater than in lateral neocortex 
and is similar to that in developing gyrence- 
phalic neocortex, with human bRG-like gene 
expression (29). Similar to embryonic mouse 
lateral neocortex, ATKTLI expression in me- 
dial neocortex increased mitotic bRG (fig. S2, 
I, K, and L), but not mitotic bIP (fig. S2J), 
abundance. 


hTKTL1, not aTKTL1, increases 
Sox2*/Tbr2~ bRG 


E15.5 mouse lateral neocortex subjected to 
either hTKTL1, aTKTLI, or control IUE at E13.5 
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Fig. 1. Modern human TKTLI, but not archaic TKTL1, when expressed in embryonic mouse neocortex, 
increases mitotic bRG abundance. Mouse neocortex E13.5 IUE with GFP plasmid, together with either 
empty (control, CTL), HTKTLI, or aTKTL1 plasmid; analyses: £15.5. (A) GFP/pVim (green/magenta) 
immunofluorescence plus DAPI staining (gray). Bottom rows, white boxed areas at higher magnification; 
dashed boxed areas: GFP*/pVim*/BP without pVim* process (mitotic bIP); solid boxed area: GFP*/ 
pVim*/BP with pVim* basal process (arrowheads) (mitotic bRG). Scale bar, 40 um. (B to E) Quantifications 
in 200-um-wide fields. Means of 8 embryos. Error bars, SD. (B) pVim* GFP* mitotic APs. One-way analysis 
of variance (ANOVA). (C) Total pVim*/GFP*/BPs. One-way ANOVA with Tukey post hoc test, *P < 0.05. 
(D) pVim*/GFP*/BPs without pVim* process (mitotic bIPs). One-way ANOVA. (E) pVim*/GFP*/BPs with 
pVim* process (mitotic bRG). One-way ANOVA with Tukey post hoc test, ****P < 0.0001, ***P < 0.001. Here 
and in the remaining figures, data reported without P values are not significant. 
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was analyzed by immunofluorescence for Sox2, 
which in the SVZ is a marker of proliferative 
BPs, and Tbr2, a marker of neurogenic BPs 
(fig. S3A). Compared to control, ATKTLI- and 
aTKTLI-electroporated neocortex showed no 
change in the percentage of GFP” cells in the 
VZ that were Tbr2* (fig. S3B), Sox2* (fig. S3D), 
or Sox2* and Tbr2™ (fig. S3F). In contrast, 
hTKTL1I, but not aTKTLI, increased the per- 
centage of GFP" cells in the SVZ that were 
Sox2" (fig. S3E), without affecting the percent- 
age of GFP* cells in the SVZ that were Tbr2* 
(fig. S3C). The Sox2* BPs increased by hTKTL1 
were Tbr2  (i.e., DRG) (fig. S3, G and H). We 
conclude that the increase in bRG abun- 
dance induced by expression of hTKTL1, but 
not aTKTLI, involves an increase in bRG 
proliferation. 


bRG generate more neurons than bIPs 


We considered the implications of the selec- 
tive increase in bRG abundance upon hTKTL1 
expression for cortical neurogenesis, based on 
a previous mathematical modeling of cortical 
neuron production by neurogenic divisions of 
bIPs versus bRG (12). In this model, as sum- 
marized in Fig. 2, A and B, both bIPs and bRG 
are generated by repeated asymmetric self- 
renewing divisions of aRG. Neuron-generating 
divisions of bIPs are typically symmetric con- 
sumptive, with one bIP giving rise to two neu- 
rons (Fig. 2A). In contrast, reflecting the cell 
polarity of bRG, in particular the presence of a 
basal process, neuron-generating divisions of 
bRG are typically asymmetric self-renewing, 
with one bRG producing one neuron and one 
bRG (Fig. 2B) (7, 9, 10, 12, 13). These two con- 
secutive, asymmetric self-renewing divisions 
(aRG — bRG — neuron) result in an initially 
delayed, but eventually much more efficient, 
production of cortical neurons when compared 
to the aRG — bIP — neuron lineage (compare 
panels A and B of Fig. 2). We therefore modeled 
the consequences of the hTKTL1-induced in- 
crease in bRG abundance for cortical neuron 
production, assuming one round of symmet- 
ric proliferative bRG division prior to the start 
of the asymmetric self-renewing neuron- 
generating bRG divisions (Fig. 2C), as is sug- 
gested by the hTKTL1-induced increase in 
Sox2* Tbr2” bRG. This resulted in an even 
greater increase in cortical neuron produc- 
tion over time (Fig. 2C). We conclude that the 
increase in bRG abundance by hTKTL1 but 
not aITKTL1 implies an increase in production 
of neurons over time in the developing neo- 
cortex of modern humans as compared to ar- 
chaic humans. 


hTKTL1 increases abundance of 
late-born neurons 


We therefore investigated whether hTKTL1 
IUE into E13.5 mouse neocortex resulted in 
an increase specifically in late-born neurons 
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A B Cc 
80 80 
_ 70 70 
3 & 60 ® 60 
= E 50 = 50 
2 2 40 2 40 
3 3 30 3 30 
fe) O 20 O 20 hae 
a9 4 PNG 10 
0) 0 
01234567 8 910 012345678 910 01234567 8 910 
Cell cycle Cell cycle Cell cycle 
Mouse lateral neocortex IUE E13.5 ==> E17.5 
D CONTROL hTKTL1 E a, = Fo G GFP+ cells in CP (%) 
GFP GFP GFP GFP cg & 22 ie. 0 10 20 30 40 
GFP Ctip2 Satb2Ctip2Satb2 GFP Ctip2Satb2Ctip2Satb2 of 2% go 
Bs SE 60 Bi 
+ 2 + 0 int 
a oD as 40: 
cs) wg 
a Fa Of 20 
+O i 
cP cP 26 Sh . ‘j Bin2| 
5 & oe & 
< Bin3| 
H = KK 
IZ IZ . 2 100 Bind 
oo 80 
c O 
St 60 — cp 
ak. Ap Bc Bin5 | 
re} Zs + IZ 
£0 
GZs GZs B+ 20 CL) cr 
ag o Bin | MB OTKTL1 
oO X\ | 
ep) Ne 
< 


Fig. 2. The hTKTL1-induced increase in bRG in embryonic mouse neocortex 
results in increased production of cortical neurons, notably upper-layer 
neurons, at late neurogenesis. (A to C) Modeling of the number of neurons 
generated, over 10 cell cycles, by the aRG — bIP — neuron lineage (A), the 
aRG — bRG — neuron lineage (B), or the aRG — bRG — neuron lineage with 
one round of hTKTL1-induced symmetric proliferative bRG division (C). Curved 
arrows denote self-renewal. (A) and (B) are adapted from figure S4 of (12). (D to 
H) Mouse neocortex £13.5 IUE with GFP plasmid, together with either empty 


at E17.5. To this end, we performed immuno- 
fluorescence for Ctip2, a marker of early-born 
deep-layer neurons, and for Satb2, a marker 
of late-born upper-layer neurons (Fig. 2D and 
fig. S31). hTKTL1 expression did not affect the 
percentage of GFP” cells in the CP that ex- 
pressed Ctip2 (Fig. 2E) but increased the per- 
centage of GFP" cells in the CP that expressed 
Satb2 (Fig. 2F). Consistent with this, hTKTL1 
expression increased the proportion of the 
GFP” cells in the CP that were located in the 
basal-most bin (Fig. 2G and fig. S31). In addi- 
tion, the analysis of the distribution of the 
Satb2* GFP* neurons across the E17.5 cortical 
wall revealed that in the control 66% of these 
neurons had reached the CP during the 4-day 
interval between electroporation and anal- 
ysis, whereas only 57% of these neurons had 
reached the CP in the hTKTL1-electroporated 
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(control, CTL) or hTKTL1 pla 


are Ctip2* (E) and Satb2* (F) 


****P < 0.0001. (H) Distribut 
intermediate zone (|Z) versus 


neocortex (Fig. 2H), as would be expected if 
late-born neuron generation was increased 
in this condition. We conclude that upon 
hTKTLI expression, consistent with the math- 
ematical modeling of the consequences of 
a bRG increase for cortical neuron produc- 
tion (Fig. 2C), the production of late-born 
neurons, but not that of early-born neurons, 
is increased. 


hTKTL1 increases bRG in ferret neocortex 


We investigated whether hTKTL1 expression 
is also able to increase bRG abundance in a 
gyrencephalic species, the ferret, which endog- 
enously expresses an archaic version of TKTL1 
with a lysine residue instead of the arginine 
residue present in hTKTL1. Similar to humans, 
the ferret SVZ is divided into an iSVZ and an 
oSVZ. We performed IUE of hTKTL1 in ferret 
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mid; analyses: E17.5. (E) to (H) are means of 


5 embryos. Error bars, SD. (D) GFP/Ctip2/Satb2 (green/cyan/magenta) immuno- 
fluorescence. Scale bar, 30 um. [(E) and (F)] Percentages of GFP* cells in CP that 


. Unpaired Student's t test, (F) ***P < 0.001. (G) 


Percentages of the GFP’ cells in CP that are in bins 1 to 6 (bin 1, uppermost layer; 
bin 6, deepest layer) of CP. Two-way ANOVA with Bonferroni post hoc test, 


ion of GFP*/Satb2" cells in germinal zones (GZs) plus 
CP. Student's t test, ***P < 0.001. 


neocortex at E33, which corresponds to the 
start of the generation of the oSVZ and of the 
production of upper-layer neurons (30). This 
led to a factor of 4 increase in the abundance 
of mitotic bRG, but not mitotic bIPs, in iSVZ 
and oSVZ at postnatal day 2 (P2) (fig. S4, A to 
D). This bRG increase was accompanied by 
an increase in PCNA‘ cells (fig. S4, E and F) 
and Sox2*/Tbr2° cells and a decrease in Tbr2* 
cells, in iSVZ and oSVZ (fig. S5). hTKTL1 in- 
creased the proportion of radial BPs (bRG) 
compared to multipolar BPs (bIPs) (fig. S4G), 
and within the former of bRG with multiple 
radial processes (37) at the expense of the 
bRG with one basal process (Fig. 3A). We con- 
clude that ectopic expression of hTKTL1 in 
developing neocortex increases bRG abun- 
dance in both lissencephalic and gyrence- 
phalic species. 
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Fig. 3. Modern human TKTL1 expressed in developi 


increases upper-layer neuron production, neocortical surface area, and 


gyrus size. Ferret neocortex E33 IUE with fluorescent 
together with either empty (control, CTL) or hTKTL1 p 
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test, **P < 0.01. (D) Percentage of FP* cells in CP that are Satb2*. Unpaired 
Student's t test, *P < 0.05. (E) FP (green) immunofluorescence. White 
dashed lines: lateral length electroporated area. Scale bar, 1 mm. (F) Lateral 
length FP* area. Unpaired Student's t test, *P < 0.05. (G) FP (green) 
immunofluorescence plus DAPI staining (gray). White dashed lines: lateral 


(A) Percentages of the 5 morphotypes of PCNA* radial cells in SVZ (bRG). Two-way 
ANOVA with Bonferroni post hoc test, *P < 0.05, **P < 0.01. (B) FP/Satb2 
(green/magenta) immunofluorescence plus DAPI staining (gray). White dashed 
lines: neuronal layers (L) 1-6 of CP. Scale bar, 75 um. (C) Distribution of 
FP* cells across L2 to L6 of the CP. Two-way ANOVA with Bonferroni post hoc 


length dorsal neocortex. Yellow dashed lines: areas measured for gyrus size. 
Scale bar, 2 mm. (H) Lateral length dorsal neocortex. (I) Size of the gyrus 
showing the greatest FP immunoreactivity. [(H) and (1)] Data expressed as 
ratio of electroporated (IUE) over contralateral (non-IUE) hemisphere. 
Unpaired Student's t test, (H) **P < 0.01, (I) *P < 0.05. 


hTKTL1 expands ferret upper-layer neurons 
and neocortex 

Following IVE at E33, we analyzed ferret neo- 
cortex at P16, a developmental stage when in 
ferrets the cortical folds have already formed 
(32, 33). Upon hTKTLI expression, a greater 
proportion of the targeted neuroprogenitor- 
derived progeny was now located in the upper 
layers of the CP, and in particular in layer 3 
(Fig. 3, B and C). Corroborating this finding, 
hTKTL1I increased the proportion of this prog- 
eny that expressed Satb2, a transcription 
factor present in the majority of upper-layer 
neurons (Fig. 3D). 

We explored whether the hTKTL1-induced 
increase in developing ferret neocortex in bRG 
abundance at P2 and upper-layer neurons at 
P16 affected neocortical morphology. We found 
(i) an increase in the lateral spread of the tar- 
geted neuroprogenitor-derived progeny at P16 
(Fig. 3, E and F) and (ii) an increase in neo- 


length of the dorsal neocortex (Fig. 3, G and 
H). Moreover, hTKTL1 expression elicited an 
increase in the size of the electroporated 
gyrus (Fig. 3, G and I). In half of the hTKTL1- 
electroporated neocortices (3/6), we observed 
a difference in the morphology of the gyral- 
sulcal pattern of the neocortex (fig. S6C), 
which, however, did not result in a significant 
change in the local gyrification index (fig. S6, 
A and B). Nonetheless, these findings dem- 
onstrate that hTKTLI expression is sufficient 
to alter the morphology of a gyrencephalic 
neocortex. 


hTKTL1 knockout reduces human 
bRG abundance 


We examined whether, in fetal human neo- 
cortex, the endogenously expressed hTKTL1 
is essential for maintaining bRG abundance. 
To this end, we performed a CRISPR-Cas9- 
mediated hTKTLI knockout (KO) in PCW 8-14 


cortical surface area as revealed by the lateral 
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human neocortical tissue ex vivo (see fig. S7H 
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for the efficiency of gRNAs). ATKTLI KO re- 
duced the percentage of basal GFP” cells that 
were cycling progenitors (PCNA*) (Fig. 4, A 
and B). Immunofluorescence for HOPX [which, 
combined with morphological analysis, can 
be used to identify bRG (20)] revealed that 
hTKTL1 KO decreased the percentage of HOPX* 
cells that have a radial morphology (i.e., DRG) 
among the basal GFP” cells (Fig. 4, A and C). 
Hence, hTKTL1I is essential to maintain the 
full level of bRG during fetal human neocor- 
tical development. 


aTKTL1-expressing organoids: Fewer bRG 
and neurons 


We next explored the relevance for humans 
of our finding that hTKTLI, but not aTKTL1, 
increases bRG abundance. To this end, we 
made use of CRISPR-Cas9-mediated genome 
editing and “Neanderthalized” TKTL1 [by con- 
verting Arg” (fig. SIH) to Lys] in H9 human 
embryonic stem cells (ESCs). Two mock-edited 


4 of 11 


RESEARCH | RESEARCH ARTICLE 


Human neocortical tissue PCW 8-14 —— CRISPR/CasQ —— FFT culture 72h 


& Lg 


BAF! 


DAPI PCNA HOPX 


ar on HOPX B 


| ATKTL1KO. KO 


Mae * Cc + * 
2 an 

g 100 ee es ue ig 100 
+2 80 ++ 804 3 
5S xf 
Od 60 56 604 7 = 
SO 40 = § 404 - 

is 38 ° 
& 8 20 ®— 20 
ao a2 

® ® ® 

Oo oO 
a faa) 


Mock-edited (hTKTL1) vs. edited (aTKTL1) human ES cells _—— > Cerebral organoids (Day 50 


D | = ATKTL1 | atKTL1 G | ATKTL1 


DAPI PCNA DAPI PCNA HOPX 
; WHE 
H 
KKK 
100] sae om = 80 604 , 
ne ‘ 5 ° > e : 
ce sf : cx . 
7 23607 | ae 
2g % 2 ~ 3404 - : 
2 © 60 OG SB ae go . 8 
Ses fo" S 45 ow 
Sz 40 ra > a 204 he Be 
Sl, 3G ON 20 On a's 
2? eer => . 
0 
ee 
“es 


Fig. 4. TKTL1 KO in fetal human neocortical tissue and “Neanderthalized” 
TKTL1 in human ESC-derived cerebral organoids reveal that modern 
human TKTL1 is essential to maintain the full level of bRG and neurons. 
(A to ©) CRISPR-Cas9-mediated disruption of hTKTL1 expression in PCW 8 to 
14 fetal human neocortical tissue. Ex vivo electroporation with GFP plasmid 
plus complexes of recombinant Cas9 protein and gRNAs targeting LacZ 
(control, CTL) or HTKTL1 (ATKTLI KO), followed by 72 hours free-floating 
tissue (FFT) culture. (A) GFP/PCNA/HOPX (green/magenta/cyan) immuno- 
fluorescence plus DAPI staining (gray). Left: CTL electroporation. Right: 
abventricular cells for CTL (top) and HTKTLI KO (bottom). White dashed lines: 
cell morphology. CTL: GFP*/PCNA*/HOPX* radial cell (bRG), GFP*/PCNA*/ 
weakly HOPX* cell (multipolar in different optical section, bIP). hTKTL1-KO: 
multipolar GFP*/PCNA*/HOPX~ cell (bIP, top cell), multipolar GFP*/PCNA / 
HOPX™ cell (neuron, bottom cell). Scale bar, 50 wm. [(B) and (C)] Percentages 
of basal GFP* cells that are PCNA* (B) and HOPX* with radial morphology 
(C). Means of 5 different fetal samples. Paired Student's t test, *P < 0.05. 

(D to L) Human embryonic stem cells (ESCs, H9 line) were CRISPR-Cas9- 
mediated genome-edited to convert HTKTLI (Arg) to aTKTL1 (Lys). Organoids 
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grown from two mock-edited (hTKTL1-1, hTKTL1-2) and two edited (aTKTL1-1, 
aTKTL1-2) lines; analyses: day 50. (D) PCNA (magenta) immunofluorescence 
plus DAPI-staining (gray). Scale bar, 25 um. [(E) and (F)] Percentages 

of PCNA* cells in VZ-like (E) and SVZ-like (F) areas. Means of 21 hTKTL1 

(9 HTKTL1-1, 12 HTKTL1-2) and 23 aTKTL1 (12 aTKTL1-1, 11 aTKTL1-2) 
organoids. Mann-Whitney U test, ***P < 0.001. (G) HOPX (magenta) 
immunofluorescence. Right sides: white boxes at higher magnification; 
dashed lines: radial cells; solid line: multipolar cell. Scale bar, 25 um. [(H) and 
(1)] Percentages of HOPX" cells in VZ-like area (H) and HOPX® radial cells 
in SVZ-like area (I). Means of 24 hTKTL1 (11 HTKTLI-1, 13 HTKTL1-2) and 

27 aTKTLl (19 aTKTL1-1, 8 aTKTL1-2) organoids. Mann-Whitney U test, 

(1) ****P < 0.0001. (J) Percentages of Sox2* cells in the VZ-like area. Means 
of 21 hTKTL1 (9 HTKTLI-1, 12 HTKTL1-2) and 23 aTKTL1 (12 aTKTL1-1, 11 
aTKTL1-2) organoids. Mann-Whitney U test, ****P < 0.0001. (K) NeuN 
(magenta) immunofluorescence plus DAPI-staining (gray). Scale bar, 25 um. 
(L) Percentage of NeuN* cells in neuronal layer (NL). Means of 23 hTKTL1 
(9 HTKTL1-1, 14 ATKTL1-2) and 26 aTKTL1 (12 aTKTL1-1, 14 aTKTL1-2) 
organoids. Unpaired Student's t test, ****P < 0.0001. 
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hTKTL1 (Arg) and two edited aTKTL1 (Lys) H9 
lines were generated, all of which (i) expressed 
established markers of pluripotency (fig. S7, A 
and B); (ii) did not show any chromosomal 
aneuploidies and large-scale chromosomal 
duplications and deletions in comparison to 
the mother H9 ESC line used for genome edit- 
ing, as revealed by shallow DNA sequencing 
(fig. S7C); and (iii) showed identical karyo- 
grams (fig. S7D). The two mock-edited and 
the two aTKTLI-edited H9 lines were used to 
generate cerebral organoids (fig. S8A) that 
were analyzed at day 50. In situ hybridiza- 
tion showed that TKTLI mRNA is expressed 
in the germinal zones of the cerebral organ- 
oids (fig. S8B). 

The percentage of cycling cells (PCNA*) in 
the VZ-like area did not differ between the 
hTKTLI-expressing and aTKTLI1-expressing 
organoids (Fig. 4, D and E). However, the per- 
centage of cycling cells in the SVZ-like area 
was reduced in the aTKTL1-expressing organ- 
oids (Fig. 4, D and F). Moreover, aTKTL1- 
expressing organoids showed no change in 
the percentage of HOPX” cells (Fig. 4, Gand 
H) or of Sox2* cells (fig. S8, C and D) in the 
VZ-like area, but a decrease in the percent- 
age of HOPX™ cells with a radial morphology 
(bRG) (Fig. 4, G and I) and of Sox2* cells (Fig. 
4J and fig. S8C) in the SVZ-like area. Con- 
sistent with the reduction in bRG, the TKTLI- 
“Neanderthalized” cerebral organoids exhibited 
a reduction in the percentage of cells in the 
layer (referred to as neuronal layer) that ex- 
press the neuronal markers NeuN (Fig. 4, K 
and L) and Hu (fig. S8, E and F). The reduction 
in bRG and neurons observed in aTKTLI- 
expressing organoids was not due to an in- 
crease in cell death (fig. S8G). Taken together, 
these data show that the Arg”™ in hTKTL1 
is essential for the generation of the full lev- 
el of bRG and neurons in human cerebral 
organoids. 


Pentose phosphate pathway inhibition 
abolishes hTKTL1-induced bRG increase 


We sought to obtain insight into the mech- 
anism of action of hTKTL1. TKTL1 belongs 
to the transketolase family (18), and TKT, the 
founding member of this family, is known to 
operate in the pentose phosphate pathway 
(PPP), an action also reported for TKTL1 (78, 19) 
(Fig. 5A). Thus, TKTL1 has been reported to 
cleave xylulose 5-phosphate, a metabolite in 
the PPP, into glyceraldehyde 3-phosphate and 
acetate (19) (Fig. 5A). We therefore examined 
a possible role of the PPP in the hTKTL1- 
induced increase in bRG abundance. We used 
6-aminonicotinamide (6-AN), an NADP ana- 
log, to inhibit 6-phosphogluconate dehy- 
drogenase (6PGDH), the enzyme converting 
6-phosphogluconate into ribulose 5-phosphate 
in the PPP (Fig. 5A). 6-AN is 400 times more 
potent to inhibit 6PGDH than to inhibit other 
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NADP-dependent enzymes (34). E13.5 mouse 
neocortex was electroporated with a plasmid 
encoding hTKTL1I or an empty vector, along 
with a plasmid encoding GFP. The brain was 
dissected 24 hours after IUE and subjected to 
HERO culture for 24 hours in the absence or 
presence of 6-AN (fig. S9A). 6-AN at 50 and 
100 uM completely suppressed the hTKTL1- 
induced increase in mitotic bRG (Fig. 5C and 
fig. S9, B and C) without significantly affecting 
the essentially equal levels upon control versus 
hTKTL1 IVE of mitotic bIPs (Fig. 5B) and 
mitotic aRG (fig. S9D). The lack of effect on 
bIP and aRG numbers by 6-AN treatment im- 
plies that this drug, even at 100 uM, did not 
exert unspecific effects on neuroprogenitors. 
Consistent with these data for mitotic neuro- 
progenitors, treatment with 50 uM or 100 uM 
6-AN completely suppressed the hTKTL1- 
induced increase in the percentage of GFP* 
cells in the SVZ that were Sox2* (fig. S9, E 
and G) but had no effect on the percentage of 
these cells in the VZ (fig. SOF), nor did it affect 
the percentage of GFP* cells in the SVZ that 
were Sox2* upon control IUE (fig. S9G). 

To corroborate these results, we inhibited 
6PGDH with a different pharmacological in- 
hibitor, 1-hydroxy-8-methoxyanthracene-9,10- 
dione (S3). Using the same experimental model, 
we found that the hTKTL1-induced increase 
in mitotic bRG was partially reduced upon 
treatment with 10 uM S3 and abolished upon 
treatment with 20 uM S3 (fig. S10, A and D). 
This treatment had no effect on mitotic aRG 
(fig. SIOB) and mitotic bIP abundance (fig. 
S10C). Accordingly, treatment with 10 or 20 uM 
S3 suppressed the hTKTL1-induced increase 
in the percentage of GFP” cells in the SVZ that 
are Sox2* (fig. S10, E and G) without affecting 
the percentage of these cells in the VZ (fig. 
S10F). Taken together, these results demon- 
strate that the hTKTL1-induced increase in 
bRG abundance requires the PPP, specifically 
the 6-phosphogluconate to ribulose 5-phosphate 
conversion (see Fig. 5A). 


PPP inhibition reduces human neocortical bRG 


To examine the physiological relevance of 
these data, we subjected PCW 11-13 human 
neocortical tissue, which endogenously ex- 
presses hTKTL1, to free-floating tissue (FFT) 
culture for 2 days in the presence or absence 
of the PPP inhibitors 6-AN or S3. Treatment 
with 50 or 100 uM 6-AN reduced the abun- 
dance of mitotic bRG by ~60% (Fig. 5, D and 
F) but did not affect the abundance of mitotic 
bIPs (Fig. 5, D and E). Likewise, treatment 
with 5, 10, or 20 uM S3 reduced the abundance 
of mitotic bRG by ~40 to 55% (fig. S10, H and 
J) but did not affect the abundance of mitotic 
bIPs (fig. SOD. The reductions in bRG observed 
upon 6-AN and S3 treatments were not due 
to an increase in apoptosis (fig. S9, H and I, 
and fig. S10, K and L). We conclude that the 
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6-phosphogluconate to ribulose 5-phosphate 
conversion step in the PPP, which is required 
for the hTKTL1-induced increase in bRG 
abundance in embryonic mouse neocortex 
(Fig. 5C; fig. S9, C and G; and fig. S10, D and 
G), is also required for the maintenance of 
the physiological bRG level in fetal human 
neocortex, indicating a role of the PPP in this 
maintenance. 


Fatty acid synthesis inhibition abolishes 
hTKTL1-induced bRG increase 


One of the metabolites generated by the 
reactions in the PPP downstream of the 6- 
phosphogluconate to ribulose 5-phosphate 
conversion step is glyceraldehyde 3-phosphate, 
which via conversion to pyruvate in the gly- 
colysis pathway can eventually give rise to 
acetyl-coenzyme A (CoA) (Fig. 5A). In addition, 
TKTLI has been reported to cleave xylulose 
5-phosphate, a metabolite in the PPP, into 
glyceraldehyde 3-phosphate and acetate. The 
latter, too, can be further processed to acetyl- 
CoA (19) (Fig. 6A). As it has been reported 
that TKTL1—via elevated acetyl-CoA levels— 
promotes fatty acid synthesis (79), we explored 
whether increased fatty acid synthesis is in- 
volved in the hTKTL1-induced increase in bRG 
abundance. Fatty acid synthesis starts with the 
conversion of acetyl-CoA to malonyl-CoA by 
the enzyme acetyl-CoA carboxylase (ACACA) 
(Fig. 6A). We therefore subjected mouse neo- 
cortex, hTKTLI1- and control-electroporated 
at E13.5, to HERO culture starting at E14.5 in 
the absence or presence of 5-(tetradecyloxy)- 
2-furoic acid (TOFA), an inhibitor of ACACA. 
Analysis after 24 hours of HERO culture 
revealed that the hTKTLI-induced increase in 
mitotic bRG was halved upon treatment with 
10 uM, and abolished with 20 or 50 uM, TOFA 
(Fig. 6C and fig. S11, A and C). TOFA treatment 
did not affect the equal levels upon control 
versus hTKTL1 IVE of mitotic APs (fig. S11B) 
or mitotic bIPs (Fig. 6B). Consistent with these 
data for mitotic neuroprogenitors, TOFA treat- 
ment suppressed the hTKTL1-induced increase 
in the percentage of GFP” cells in the SVZ that 
were Sox2"* (fig. S11, D and F) but had no effect 
on the percentage of these cells in the VZ (fig. 
SIE), nor did it affect the percentage of GFP* 
cells in the SVZ that were Sox2* upon control 
IUE (fig. STF). 

These results were corroborated using a sec- 
ond inhibitor of ACACA, ND-646. Treatment 
with 5 uM ND-646, using the same experi- 
mental model, abolished the hTKTL1-induced 
increase in the percentage of GFP” cells in the 
SVZ that were Sox2* (fig. S12, A and C) without 
affecting these cells in the VZ (fig. S12B). 
These results demonstrate that the hTKTLI- 
induced increase in bRG abundance requires 
the conversion of acetyl-CoA in malonyl-CoA. 

To further analyze the requirement of fatty 
acid synthesis in the hTKTL1-induced increase 
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in bRG abundance, we explored whether the 
following step of fatty acid synthesis, the con- 
densation of acetyl-CoA and malonyl-CoA by 
fatty acid synthase (FAS), is required. Using 
our standard approach of hTKTL1 IUE at 
E13.5, E14.5 neocortex was subjected to HERO 
culture for 24 hours in the absence or presence 
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of the FAS inhibitor Orlistat. Orlistat at 10 and 
20 uM completely suppressed the hTKTL1- 
induced increase in mitotic bRG (fig. S13, A 
and D) without affecting mitotic bIPs (fig. 
$13C) and mitotic aRG (fig. S13B). Accord- 
ingly, treatment with 10 uM or 20 uM Orlistat 
completely suppressed the hTKTL1-induced 
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increase in the percentage of GFP” cells in 
the SVZ that were Sox2* (fig. S13, E and G) 
without affecting these cells in the VZ (fig. 
S13F). These data therefore demonstrate that 
hTKTL1 induced the increase in bRG abun- 
dance through a fatty acid synthesis-dependent 
mechanism. 
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We also used our mouse test system (neo- 
cortex hTKTLI IUE — HERO culture) to explore 
potentially additive effects when inhibitors of 
both the PPP and fatty acid synthesis are used 
together. 6-AN at 10 uM [which, in light of its 
affinity for 6PGDH, is likely to partially in- 
hibit the PPP (34)] plus 10 uM TOFA partially 
reduced the hTKTL1-induced increase in the 
level of bRG (fig. S11, G and J) to a similar 
extent as 10 uM TOFA alone (Fig. 6C). 6-AN at 
50 uM plus 20 uM TOFA completely abolished 
the hTKTL1-induced increase in the level of 
bRG (fig. SUJ) similarly to 6-AN (Fig. 5C) and 
TOFA (Fig. 6C) alone. Neither treatment with 
both inhibitors together affected mitotic bIPs 
(fig. S111) and mitotic aRG (fig. SITH). On the 
likely assumption that partial inhibition of the 
PPP still provides sufficient acetyl-CoA levels 
for fatty acid synthesis to occur, the lack of an 
additive effect of 10 uM 6-AN plus 10 uM TOFA 
on bRG reduction is consistent with the mod- 
el (Fig. 6A) that fatty acid synthesis is rate- 
limiting for the generation of bRG and that 
the pentose phosphate pathway is upstream of 
fatty acid synthesis by providing acetyl-CoA. 


Fatty acid synthesis inhibition reduces human 
neocortical bRG 


To examine the physiological relevance of 
these data, we asked whether inhibition of 
fatty acid synthesis in fetal human neocortex, 
which endogenously expresses hTKTL1, would 
reduce bRG abundance. To this end, we treated 
fetal human neocortical tissue in FFT cul- 
ture for 48 hours with 10, 20, or 50 uM TOFA. 
Treatment with 50 uM TOFA decreased the 
abundance of mitotic bRG, identified as process- 
bearing pVim* BPs (Fig. 6, D and F), but not that 
of mitotic bIPs, identified as process-lacking 
pVim* BPs (Fig. 6, D and E). Furthermore, 
human neocortical tissue treated for 48 hours 
with either (i) 5 uM ND-646 or (ii) 10 or 20 uM 
Orlistat reduced the abundance of mitotic 
bRG (fig. S12, D and F, and fig. S13, H and J), 
but not of mitotic bIPs (fig. S12, D and E, and 
fig. S13, H and I). The reductions in bRG ob- 
served upon TOFA, ND646, and Orlistat treat- 
ments were not due to an increase in apoptosis 
(fig. S11, K and L; fig. S12, G and H; and fig. S13, 
K and L). Hence, fatty acid synthesis, which 
is required for the hTKTLI1-induced increase 
in bRG abundance in embryonic mouse neo- 
cortex (Fig. 6C and fig. S13D), is also required 
to maintain the abundance of bRG in fetal 
human neocortex. 


hTKTL1 increases acetyl-CoA concentration 
in bRG 


Our data with the various inhibitors of the 
PPP and fatty acid synthesis suggest a mech- 
anism in which the increase in bRG abundance 
by hTKTL1 involves an increase in fatty acid 
synthesis, which is enabled by hTKTL1's action 
in the PPP that increases the relevant precur- 
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sor metabolites for fatty acid synthesis. If so, 
one would expect an increase in the concen- 
tration of acetyl-CoA in bRG upon hTKTL1 
expression. We therefore used mass spectrom- 
etry to determine the acetyl-CoA concentration 
in bRG isolated from E15.5 control-, hTKTL1- 
and aTKTLI-electroporated mouse neocortex 
(IUE at E13.5). This showed that, indeed, the 
acetyl-CoA concentration was higher in bRG 
isolated from hTKTL1I-electroporated neo- 
cortex than in bRG isolated from control- 
electroporated neocortex (Fig. 6G). The ability 
of TKTL1 to increase acetyl-CoA concentration 
in bRG is restricted to hTKTLI, as bRG iso- 
lated from aTKTL1-electroporated neocortex 
had a similar concentration in acetyl-CoA as 
the control (Fig. 6G). 


Discussion 


Our results provide insight into the develop- 
ment of the neocortex of modern humans 
compared to that of archaic humans. This 
insight is based on the present findings per- 
taining to TKTLI, a gene belonging to the 
transketolase family that arose in mammals 
and that, reflecting its involvement in various 
types of human cancer, has been implicated in 
cell proliferation. 


hTKTLI1 affects bRG, not other neuroprogenitors 


The human-specific variant hTKTL1 increases 
the abundance, among the various types of 
neuroprogenitors, of bRG. Upon overexpres- 
sion in embryonic mouse neocortex, hTKTL1 
was found in all types of neuroprogenitors. The 
selective action of hTKTLI, but not aTKTLI, on 
bRG abundance has physiological relevance, 
as KO of ATKTLI alone was sufficient to re- 
duce the normal bRG level in fetal human 
neocortical tissue. The selectivity of hTKTL1 
for bRG is likely related to the need of bRG 
for de novo membrane biogenesis in order to 
proliferate. 


Single amino acid substitution underlies 
hTKTL1 effect 


Previous studies reported on the role of single 
modern human-specific amino acid substitu- 
tions in adenylosuccinate lyase, an enzyme 
involved in purine metabolism (35), and in 
NOVAI, a splicing regulator involved in neu- 
ronal maturation (36) [but see (37)]. Our re- 
sults identify the functional role of a single 
modern human-specific amino acid substi- 
tution in the control of the abundance of one 
type of neuroprogenitor during neocortex de- 
velopment. The lysine-to-arginine substitu- 
tion that occurred during human evolution 
(27) allows hTKTLI to ensure the elevated 
bRG numbers characteristic of fetal human 
neocortex. Not only the reduction in bRG num- 
bers upon ATKTLI KO in fetal human neo- 
cortical tissue, but also the lower bRG numbers 
in cerebral organoids expressing archaic TKTL1, 
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support this conclusion. Our data therefore 
imply a difference in cortical neuroprogeni- 
tor composition between Neanderthals and 
modern humans. 


hTKTL1 action requires the PPP 


Our demonstration that the ability of hIKTL1 
to ensure elevated bRG numbers requires the 
PPP adds another case to the emerging con- 
cept of a role of metabolism in neuroprogeni- 
tor proliferation (38) and of human-specific 
molecular changes affecting this metabolism. 
Another example is the human-specific gene 
ARHGAP1IB, the protein of which acts in 
mitochondria and promotes BP proliferation 
by stimulating glutaminolysis (39). This abil- 
ity of ARHGAPIIB is based on a single C > G 
nucleotide substitution (40). The ability of 
hTKTLI to ensure elevated DRG numbers 
via its action in the PPP is also based on a 
single A — G nucleotide substitution that 
converts the lysine in archaic TKTL1 into the 
arginine of modern human TKTL1. 

Our data show that bRG numbers, in con- 
trast to bIP numbers, depend on the PPP. 
Given the inability of aTKTL1 to increase bRG 
abundance, it is worth considering how the 
single amino acid substitution (lysine to argi- 
nine) in TKTL1 during human evolution may 
have affected its metabolic function. The side 
chain of arginine is a much stronger base than 
that of lysine, which may be advantageous for 
the enzymatic reaction reported for hTKTL1, 
that is, to cleave xylulose 5-phosphate into 
glyceraldehyde 3-phosphate and acetate (19). 


hTKTL1 action requires fatty acid synthesis 


The ability of hIKTL1 to ensure elevated bRG 
numbers via fatty acid synthesis is in agree- 
ment with a previous finding that knockdown 
of hTKTL1 in the THP-1 leukemia cell line, 
which expresses high levels of hTKTL1 mRNA, 
led to the reduction of the amount of several 
lipids containing fatty acids (19), and with the 
notion that fatty acid synthesis is a feature of 
highly proliferative cells, such as cancer cells 
(41). In this context, the role of the essential 
precursor to fatty acid synthesis, acetyl-CoA, 
in hTKTL1 action is further supported by our 
demonstration that hTKTLI, but not aTKTL1, 
increases acetyl-CoA levels in bRG. 

To understand how fatty acid synthesis 
might be related to bRG proliferation, one 
should consider that fatty acids are building 
blocks for membrane synthesis and that the 
number of bRG cell processes has been shown 
to be linked to bRG proliferative capacity (37). 
bRG with an increased number of cell processes 
have been proposed to be able to sense addi- 
tional extrinsic signals, which in turn activate 
pro-proliferative signaling pathways. Hence, 
hTKTL1 is likely to stimulate bRG prolifera- 
tion, and hence bRG abundance, by promot- 
ing cell process growth via synthesis of fatty 
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acids that are then used to build membranes. 
In support of this notion, hTKTL1 expres- 
sion in developing ferret neocortex increased 
the proportion of bRG with multiple radial 
processes. 


hTKTL1 may influence neocortex shape 


Our findings that hTKTLI1 expression in de- 
veloping ferret neocortex increases its lateral 
extension and gyrus size raise the possibility 
that hTKTL1 played a role in determining the 
shape of the neocortex of modern humans. 
Endocast analyses indicate that Neanderthals 
and modern humans had/have a similar en- 
docranial volume, consistent with similar brain 
size (5), but that the shape of their brains was/ 
is different. The skull of modern humans 
has a globular shape, whereas the skull of 
Neanderthals had a more elongated shape, 
which is typical of the living apes (5). In this 
context, hTKTLI could be involved in the forma- 
tion of a more globular neocortex in modern 
humans. In addition, modern humans have a 
larger parietotemporal lobe than Neanderthals 
(42). In support of a possible role of hTKTL1 
in neocortical regionalization, it has been re- 
ported that hTKTLI mRNA expression in PCW 
15-21 fetal human neocortex is enriched in the 
oSVZ of the frontal, as compared to caudal, 
neocortex (28). Consistent with these data, we 
found an increase in hTKTLI mRNA levels 
in the human frontal lobe compared to the 
occipital lobe. Hence, hTKTL1 could have 
played a role in the expansion of the frontal 
lobe of the neocortex of modern humans. 


Neurogenesis in modern humans 
versus Neanderthals 


An implication of the ability of hTKTL1 to en- 
sure elevated bRG numbers pertains to a dif- 
ference in cortical neuron production between 
modern humans and Neanderthals. As is evi- 
dent from our mathematical modeling (Fig. 3, 
A to C), cortical neuron production over time is 
greater with bRG than bIPs. In line with this, 
we observed an increase specifically in late- 
born (i.e., upper-layer) neurons upon hTKTL1 
expression. As such an increase is a hallmark 
of neocortex development during human evo- 
lution (6), the selective increase in bRG num- 
bers upon hTKTLI, but not aTKTLI, expression 
implies that during human evolution, modern 
humans acquired a more efficient mode of 
cortical neuron production than Neanderthals. 
Consistent with this notion, human cerebral 
organoids expressing archaic TKTL1 showed not 
only a reduction in bRG, but also in neurons. 
The higher TKTL1 mRNA expression in the 
frontal lobe than in other parts of the fetal 
human neocortex suggests that the increase in 
cortical neuron production pertains, in partic- 
ular, to the frontal lobe of the neocortex of 
modern humans. Furthermore, the increase in 
cortical neuron production, resulting from the 
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elevated bRG numbers due to hTKTLI action, 
presumably contributes to the fact that mod- 
ern humans generate the largest number of 
cortical neurons of all living primates (43). 


Conclusions 


Our study demonstrates that the gene hTKTL1 
of modern humans is sufficient to increase the 
abundance of bRG, a neuroprogenitor type 
that has a role in neocortical evolution. This 
increase in bRG abundance is induced by the 
modern human variant of TKTL1 and not by 
its archaic variant. This suggests that a single 
human-specific amino acid substitution in 
TKTLI underlies changes in cell metabolism 
that ultimately result in a specific composition 
of neuroprogenitors and features of cortical 
neurogenesis that distinguish modern hu- 
mans from Neanderthals and other extinct 
archaic humans. 


Methods summary 
IUE of embryonic mouse neocortex 


IUE was performed as described (31). E13.5 
(for lateral neocortex) or E15.5 (for medial 
neocortex) embryos were injected intraven- 
tricularly with a solution containing 0.1% Fast 
Green (Sigma) in PBS, 1 ug/pl of pCAGGS plas- 
mid (either empty vector, hTKTLI, or aTKTL1) 
and 0.4 wg/ul or 1 ug/ul (for cell sorting) of 
pCAGGS-GFP. The embryos were then elec- 
troporated and sacrificed at E15.5 or E17.5 
(for lateral neocortex) or at E18.5 (for medial 
neocortex). 


IUE of embryonic ferret neocortex 


E33 ferret neocortex was electroporated as 
described (44). The embryos were injected in- 
traventricularly with 0.1% Fast Green (Sigma) 
in PBS, 2.5 ug/ul of either empty pCAGGS 
(control) or pCAGGS-hTKTLI, and 1 ug/ul of 
either pCAGGS-GFP or pCAGGS-mCherry. The 
injected embryos were electroporated. After 
birth, the pups were sacrificed at P2 or P16. 


Mouse cerebral hemisphere rotation culture 


Cerebral hemispheres were dissected from 
E14.5 mouse embryos 24 hours after IUE at 
E13.5, and the electroporated hemispheres 
were placed into hemisphere rotation (HERO) 
culture as described (45), with minor mod- 
ifications. Hemispheres were cultured with 
mouse slice culture medium containing 0.1% 
DMSO and either no addition (control) or 
one of the inhibitors, for 24 hours at 37°C, in 
a whole-embryo culture incubator (Ikemoto 
Scientific Technology). 


Human neocortex free-floating tissue culture 


Free-floating tissue (FFT) culture of fetal human 
neocortical tissue (PCW 8-14) was performed 
for 48 hours (inhibitors) or 72 hours (CRISPR/ 
Cas9 KO) as described (46). For the pharma- 
cological inhibitor studies, the tissue was in- 
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cubated with 0.1% DMSO and either no further 
addition (control) or one of the inhibitors. The 
flasks were incubated for 48 or 72 hours at 37°C 
in a whole-embryo culture incubator (Ikemoto 
Scientific Technology). 


Human fetal neocortical tissue electroporation 


Ex vivo electroporation of human fetal neo- 
cortical tissue was performed as described 
(39). Human fetal neocortical tissue was 
electroporated using a mixture of either the 
Cas9-LacZ-gRNA complex (control) or the 
Cas9-hTKTLI1-gRNA complex, Fast Green, 
pCAGGS-GFP, and glycerol, followed by 72-hour 
FFT culture. 


Cerebral organoids 


Two mock-edited (hTKTL1) and two gene- 
edited (aTKTL1) H9 cell lines were differen- 
tiated into cerebral organoids using previously 
published protocols (47, 48). The cerebral or- 
ganoids were fixed at day 50 with PFA at 4°C 
for 2 hours. 


Cryosectioning and immunofluorescence 


Cryosectioning of fixed tissues (including ce- 
rebral organoids) was performed as described 
(31). Immunofluorescence of cryosections sub- 
jected to antigen retrieval was performed as 
described (29). 


bRG isolation and determination of acetyl-CoA 


We used a modification of a published pro- 
cedure (22) to isolate bRG from E15.5 mouse 
neocortices, identified as GLAST-positive and 
prominin-1-negative cells, after IUE at E13.5 
(GFP plus either empty vector, hTKTLI, or 
aTKTLI1). bRG were isolated from the neo- 
cortical cell suspension by FACS. Acetyl-CoA 
levels in the FACS-isolated bRG were deter- 
mined by mass spectrometry. 


Other methods 


All other methods used were carried out ac- 
cording to standard procedures. 
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Exceeding 1.5°C global warming could trigger 
multiple climate tipping points 
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INTRODUCTION: Climate tipping points (CTPs) 
are a source of growing scientific, policy, and 
public concern. They occur when change in 
large parts of the climate system—known as 
tipping elements—become self-perpetuating 
beyond a warming threshold. Triggering CTPs 
leads to significant, policy-relevant impacts, in- 
cluding substantial sea level rise from collaps- 
ing ice sheets, dieback of biodiverse biomes such 
as the Amazon rainforest or warm-water corals, 
and carbon release from thawing permafrost. 
Nine policy-relevant tipping elements and their 
CTPs were originally identified by Lenton e¢ al. 
(2008). We carry out the first comprehensive 
reassessment of all suggested tipping elements, 
their CTPs, and the timescales and impacts of 
tipping. We also highlight steps to further im- 
prove understanding of CTPs, including an ex- 
pert elicitation, a model intercomparison project, 
and early warning systems leveraging deep learn- 
ing and remotely sensed data. 


RATIONALE: Since the original identification 
of tipping elements there have been substan- 
tial advances in scientific understanding from 
paleoclimate, observational, and model-based 


The location of climate 
tipping elements in 

the cryosphere (blue), 
biosphere (green), and 
ocean/atmosphere 
(orange), and global 
warming levels at which 
their tipping points will 
likely be triggered. Pins 
are colored according to our 
central global warming 
threshold estimate being 
below 2°C, i.e., within the 
Paris Agreement range 
(light orange, circles): 
between 2 and 4°C, 

i.e., accessible with 
current policies (orange, 
diamonds); and 4°C and 
above (red, triangles). 
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studies. Additional tipping elements have been 
proposed (e.g., parts of the East Antarctic ice 
sheet) and the status of others (e.g., Arctic 
summer sea ice) has been questioned. Obser- 
vations have revealed that parts of the West 
Antarctic ice sheet may have already passed 
a tipping point. Potential early warning signals 
of the Greenland ice sheet, Atlantic Meridional 
Overturning Circulation, and Amazon rain- 
forest destabilization have been detected. 
Multiple abrupt shifts have been found in 
climate models. Recent work has suggested 
that up to 15 tipping elements are now ac- 
tive (Lenton et al., 2019). Hence it is timely 
to synthesize this new knowledge to provide 
a revised shortlist of potential tipping elements 
and their CTP thresholds. 


RESULTS: We identify nine global “core” tip- 
ping elements which contribute substantially 
to Earth system functioning and seven re- 
gional “impact” tipping elements which con- 
tribute substantially to human welfare or 
have great value as unique features of the 
Earth system (see figure). Their estimated 
CTP thresholds have significant implications 
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for climate policy: Current global warming of 
~1.1°C above pre-industrial already lies within 
the lower end of five CTP uncertainty ranges. 
Six CTPs become likely (with a further four 
possible) within the Paris Agreement range 
of 1.5 to <2°C warming, including collapse 
of the Greenland and West Antarctic ice sheets, 
die-off of low-latitude coral reefs, and wide- 
spread abrupt permafrost thaw. An additional 
CTP becomes likely and another three possible 
at the ~2.6°C of warming expected under cur- 
rent policies. 


CONCLUSION: Our assessment provides strong 
scientific evidence for urgent action to miti- 
gate climate change. We show that even the 
Paris Agreement goal of limiting warming 
to well below 2°C and preferably 1.5°C is 
not safe as 1.5°C and above risks crossing 
multiple tipping points. Crossing these CTPs 
can generate positive feedbacks that increase 
the likelihood of crossing other CTPs. Cur- 
rently the world is heading toward ~2 to 
3°C of global warming; at best, if all net- 
zero pledges and nationally determined con- 
tributions are implemented it could reach 
just below 2°C. This would lower tipping 
point risks somewhat but would still be dan- 
gerous as it could trigger multiple climate 
tipping points. 
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Climate tipping points occur when change in a part of the climate system becomes self-perpetuating 
beyond a warming threshold, leading to substantial Earth system impacts. Synthesizing paleoclimate, 
observational, and model-based studies, we provide a revised shortlist of global “core” tipping elements 
and regional “impact” tipping elements and their temperature thresholds. Current global warming of 
~1.1°C above preindustrial temperatures already lies within the lower end of some tipping point 
uncertainty ranges. Several tipping points may be triggered in the Paris Agreement range of 1.5 to <2°C 
global warming, with many more likely at the 2 to 3°C of warming expected on current policy trajectories. 
This strengthens the evidence base for urgent action to mitigate climate change and to develop 
improved tipping point risk assessment, early warning capability, and adaptation strategies. 


limate tipping points (CTPs) have emerged 

as a growing research topic and source 

of public concern (J-3). Tipping points 

are defined as “a critical threshold at 

which a tiny perturbation can qualitatively 
alter the state or development of a system” (7). 
Several large-scale Earth system components, 
termed tipping elements, were identified with 
evidence for tipping points that could be trig- 
gered by human activities this century. The 
initial shortlist constituted Arctic summer sea 
ice, the Greenland ice sheet (GrIS), the West 
Antarctic ice sheet (WAIS), Atlantic Meridional 
Overturning Circulation (now AMOC, previ- 
ously THC), the El Nifio Southern Oscillation, 
the Indian Summer monsoon, the Sahara/ 
Sahel and West African Monsoon, the Amazon 
rainforest (AMAZ), and boreal forest. A liter- 
ature review (/) and corresponding expert 
elicitation (4) provided early estimates of the 
temperature thresholds and potential inter- 
actions of these tipping elements. Subsequent 
work showed how recognition of CTPs consid- 
erably affects risk analysis and supports mea- 
sures to minimize global warming to the Paris 
target of 1.5°C (5, 6). 

Since these early estimates (7), there have 
been considerable advances in our knowledge 
of CTPs including observations of nonlinear 
changes in the climate system, statistical early 
warning methods, paleoclimate evidence, up- 
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graded Earth system models (ESMs), and im- 
proved offline models of particular elements 
(e.g., ice sheets and vegetation). Notably, ob- 
servations and models suggest that parts of the 
WAIS may be approaching (7, 8) or have even 
passed a tipping point (9, 70). Early warning 
indicators have revealed potential destabilization 
of the GrIS, AMOC, and AMAZ (I-13). However, 
many ESMs still lack processes important for 
resolving potential tipping behavior—e.g., bias 
toward AMOC stability (74)—or underestimat- 
ing current tropical carbon sink declines (75). 
Potential causal interactions among tipping 
elements (4) are such that overall tipping of 
one element increases the likelihood of tipping 
others (16), possibly risking a “tipping cascade” 
of impacts that may further amplify global 
warming (2, 3). In the worst case scenario, in- 
teractions might produce a global CTP (3). 
The list of tipping elements has evolved over 
time (7-3, 5) (table S1). Different studies have 
proposed potential additions including south- 
west North America, the Yedoma permafrost 
region, the North Atlantic subpolar gyre (/7), 
low-latitude coral reefs, the East Antarctic Ice 
Sheet (EAIS), Arctic winter sea ice (AWSI), 
Alpine glaciers (5), the northern polar jet stream 
(3), the Congo rainforest (8), and the Wilkes 
and Aurora subglacial basins in East Antarctica 
(2). A range of abrupt shifts have been identi- 
fied in CMIP5 models (9), some of which are 
not in elements on the original shortlist such as 
boreal tundra or Antarctic sea ice. Conversely, 
arguments have been made that Arctic sum- 
mer sea ice (20, 21), El Nifio-Southern Oscilla- 
tion (ENSO) (22, 23), and monsoons (24) should 
not be classified as CTPs. Numerous temper- 
ature threshold estimates have been made 
since (1) with some being revised markedly 
downward—notably WAIS (2, 25). The recent 
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the Intergovernmental Panel on Climate Change 
(IPCC) AR6 WGI report identifies up to 15 can- 
didates [table 4.10 in (23)] but was not explicit 
about their temperature thresholds (23). 

Here we reassess the climate tipping ele- 
ments based on the substantial literature pub- 
lished since (1), focusing on those triggerable 
by global warming. We clarify the definition of 
tipping elements and points and propose a 
new categorization separating global “core” 
and regional “impact” tipping elements. We 
then provide an updated list and assessment 
of the global mean surface temperature (GMST) 
range at which each candidate CTP could occur 
as well as their timescales and climate impacts. 
Finally we combine this information to assess 
the likelihood of triggering CTPs at successive 
global warming levels. 


Defining tipping points and tipping elements 


Given multiple inconsistent definitions of a CTP 
in the literature, we anchor on the technical 
definition provided by (7): A tipping point is a 
threshold in a (forcing) “control parameter” at 
which a small additional perturbation (within 
natural variability of ~0.2°C) causes a qualita- 
tive change [significantly larger than the stan- 
dard deviation of natural variability in (2)] in 
the future state of a system [see (7) and SM for 
the full definition]. Here, our specific definition 
is as follows: Tipping points occur when change 
in part of the climate system becomes (i) self- 
perpetuating beyond (ii) a warming threshold 
as a result of asymmetry in the relevant feed- 
backs, leading to (iii) substantial and wide- 
spread Earth system impacts. We now explain 
key aspects of this definition in more detail. 


Self-perpetuating change 


Self-perpetuation mechanisms are critical to 
the existence of a tipping point in a system, 
beyond which they propel qualitative change 
such that even if forcing of the system ceases 
the qualitative change usually continues to un- 
fold regardless (20). IPCC AR6 sometimes uses 
tipping point to refer to a class of abrupt 
change in which the subsequent rate of change 
is independent of the forcing [1.4.4.3 of (26)], 
although this is not part of AR6’s core CTP 
definition [4.7.2 of (23)]. Self-perpetuation is 
usually due to positive feedback within a sys- 
tem attaining sufficient strength to overcome 
stabilizing negative feedbacks and (tempo- 
rarily) reach a “runaway” condition (in which 
an initial change propagating around a feed- 
back loop gives rise to an additional change 
that is at least as large as the initial change 
and so on). Most positive feedbacks never at- 
tain this condition and instead simply amplify 
the original driver in a constrained way. No- 
tably, Arctic summer sea ice loss involves the 
positive ice-albedo feedback, but unlike year- 
round sea ice loss, that feedback alone is not 
strong enough to produce a clear threshold 
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beyond which loss would continue even if 
global warming stopped (20, 27). Consequently, 
we describe such feedbacks as “threshold-free”. 


(Irreversibility 

Tipping points usually lead to irreversible 
qualitative change but reversible tipping points 
are possible as a special case (7). Many tipping 
points result from crossing bifurcation points 
or attraction basin boundaries in bistable sys- 
tems, with the resulting hysteresis making 
tipping effectively irreversible on human time- 
scales. However, self-perpetuating change can 
also occur across noncatastrophic thresholds 
in unistable systems (27) (supplementary text S1). 
Other definitions of CTPs are more restrictive 
and require irreversibility, for example: “a system 
reorganizes... and does not return to the initial 
state even if the drivers of the change are abated” 
[6.1.1 of (22)]. The IPCC AR6 does not require 
irreversibility as this is difficult to prove for long 
timescales given model limitations: “A tipping 
point is a critical threshold beyond which a 
system reorganizes, often abruptly and/or ir- 
reversibly” [4.7.2 of (23)]. AR6 uses abruptness 
and irreversibility as proxies for tipping dy- 
namics but does not specify criteria for system 
reorganization and sometimes does not clearly 
differentiate which abrupt and/or irreversible 
changes are considered tipping points (e.g., 
irreversible ocean temperature change is listed 
alongside potential tipping points in table 4.10 
of (23) and box 12.1 in table 1 of (28) but has no 
clear critical threshold). 


Timescale and abruptness 


We allow for CTPs (e.g., in ice sheets) in which 
the resulting qualitative change is slower than 
the anthropogenic forcing causing it—i.e., not 
abrupt in the sense defined as faster than the 
cause (29). We only require that the transition 
to a new state occurs at a rate determined by 
the climate (sub)system itself (29). The result- 
ing committed (often irreversible) qualitative 
changes can unfold over centuries to millennia 
[here we relax the ethical time horizon of (1) 
from ~1 thousand years (ky) to ~10 ky], but 
crucially they can increase short-term impacts 
(e.g., rate of sea level rise). Other authors re- 
quire a tipping point to produce abrupt change 
(30) thereby excluding events such as ice sheet 
collapse. The IPCC defines abrupt change as 
“substantially faster than the rate of change 
in recent history” in AR6 [1.4.4.3 of (26)], which 
could allow for slower changes than anthropo- 
genic forcing. However, AR6 also gave a more 
restrictive timescale-based definition for abrupt 
climate change as taking place over a few de- 
cades or less (.e., as fast as anthropogenic forcing) 
and persisting for at least a few decades [4.7.2 of 
(23)]. More than a dozen abrupt changes have 
been found in CMIP5 model output (79) (table 
$2) but such changes could simply be the result 
of an abrupt change in forcing without involv- 
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ing CTPs. Below we assess which abrupt changes 
indicate potential tipping elements and which 
do not involve self-perpetuating feedback. 


Spatial scale 


Tipping elements are defined as components 
of the Earth system that are at least subcon- 
tinental in scale (of the order of 1000 km, i.e., 
~1M km.) and could pass a tipping point as 
a result of actions this century (J). If self- 
perpetuating change (and a corresponding tip- 
ping point) occurs at a subcontinental scale 
then this qualifies as a global core tipping ele- 
ment. However, there are many examples of 
runaway feedback and associated tipping points 
at smaller spatial scales. Where a change in 
forcing (e.g., temperature) is fairly uniform 
across a large spatial scale, such that a smaller- 
scale tipping point is crossed near-synchronously 
in many locations that span a subcontinental 
scale (e.g., coral bleaching across the Great 
Barrier Reef or committed loss of Himalayan 
glaciers), then these are considered potential 
regional impact tipping elements. However, 
where systems exhibit localized tipping points 
(1mto1 km) at different forcing levels such 
that change does not self-perpetuate beyond a 
clear shared threshold (e.g., methane hydrates), 
these are classed as threshold-free feedbacks 
because the accumulated global consequences 
of multiple localized tipping events remain 
roughly proportional to the forcing. 


Impacts 


Climate tipping elements in () either (i) con- 
tribute significantly to the overall mode of op- 
eration of the Earth system (such that tipping 
them modifies the overall state of the whole 
system), (ii) contribute significantly to hu- 
man welfare (such that tipping them affects 
>~100 million people), or (iii) have great value 
in themselves as a unique feature of the Earth 
system [expanded from the biosphere used in 
(1)]. Global core tipping elements must meet 
criterion (i) whereas regional impact tipping 
elements must meet criterion (ii) or (iii) but 
not (i). Regarding (i), crossing a tipping point 
need not involve feedback to global atmospheric 
composition or temperature—self-perpetuating 
feedback can exist entirely within a tipping 
element (7)—but there is usually causal coupling 
to other tipping elements such as through heat, 
salt, water, carbon, or momentum fluxes (4). 
Often there is feedback to global warming and 
where this exceeds +0.1°C (i.e., natural var- 
iability and the triggering perturbation) we 
consider this to meet criterion (i). Thus, near- 
synchronous, large-scale crossing of smaller- 
scale tipping points can qualify as a global core 
tipping element if it changes warming by >0.1°C. 


The climate tipping elements 


Based on current observations, paleorecords, 
and model runs subsequent to (1), we draw 
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up a longlist of proposed climate tipping ele- 
ments. Together with expert judgment for each 
proposed element, we summarize the evidence 
and confidence levels for self-perpetuation, 
temperature thresholds, hysteresis or irrevers- 
ibility, transition timescales, and global or 
regional impacts on climate (Materials and 
Methods, table S3, and supplementary text $2). 
Based on this evidence and the definitions in 
the preceding section, we shortlist global core 
and regional impact climate tipping elements 
(Table 1 and Fig. 1). Other candidate tipping 
elements that we consider uncertain, unlikely, 
or that have threshold-free feedbacks are dis- 
cussed in the supplementary text along with 
differences with past assessments (table S4). 


Cryosphere 
Arctic sea ice (AWSI/BARI) 


An abrupt collapse in AWSI (37) is observed in 
some CMIP5 models beyond ~4.5°C (19, 32), 
which arises either from asymmetry in ice 
formation and loss timescales creating a thresh- 
old response or from local positive feedback 
cycles. Hence we class AWSI as a global core 
tipping element (medium confidence), with a 
best estimate threshold of ~6.3°C (4.5 to 8.7°C, 
based on CMIP5) (high confidence), timescales 
of 20 years (10 to 100 years) (high confidence), 
and GMST feedback of ~+0.6°C (high confi- 
dence) [~+0.25°C when free of summer ice; 
regional ~+0.6 to 1.2°C (low confidence)]. A 
subcase is abrupt loss of Barents Sea winter 
ice (BARI), which occurs at ~1.6°C in two 
CMIP5 models (19), is self-reinforced by an 
increased inflow of warm Atlantic waters (33), 
and has substantial impacts on atmospheric 
circulation, European climate, and potentially 
the AMOC (34). We consider BARI a probable 
regional impact tipping element (medium con- 
fidence) with a threshold of 1.6°C (1.5 to 1.7°C) 
(low confidence), a timescale of ~25 years (low 
confidence), and regional warming (high con- 
fidence). By contrast Arctic summer sea ice 
(ASSI)—despite declining rapidly since the 
1970s and outpacing previous IPCC projections 
since the 1990s—is responding linearly to cu- 
mulative emissions (35). This decline is ampli- 
fied by the ice-albedo feedback and possibly 
feedbacks to cloud cover but damped by neg- 
ative heat loss feedbacks (20). CMIP6 models 
better capture historical ASSI decline and 
project that ice-free Septembers will occur 
occasionally above 1.5°C GMST, become com- 
mon beyond 2°C, and remain permanent at 
~3°C (36). However, the linear modeled and 
observed responses suggest that ASSI is un- 
likely to feature a tipping point beyond which 
loss would self-perpetuate (2/, 36). Hence, we 
recategorize ASSI as a threshold-free feedback. 


Greenland ice sheet (GrlS) 


The GrIS is shrinking at an accelerated rate as a 
result of both net surface melt and accelerated 
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per million (ppm) CO,] (39, 42). Hysteresis 
allows GrIS to exist above this growth thresh- 
old once formed (39) but paleorecords indi- 
cate that GrIS partially retreats above this 
threshold (42) and likely collapsed during 
the long MIS-11 interglacial which was con- 
siderably warmer (>1.5°C) (43). A coupled ice 
sheet-atmosphere model found no collapse 
threshold (44), leading AR6 to state that there 
is limited evidence for irreversible GrIS loss 
below 3°C (21). However, some irreversible 
loss occurs beyond 3.5 m sea level equivalent 
(equivalent to ~2 to 2.5°C) (44), indicating self- 
perpetuating feedback. GrIS collapse would 
shift the Earth system to a unipolar icehouse 
state and affect other tipping elements (par- 
ticularly the AMOC), hence qualifying as a 
global core tipping element (high confidence). 
Our best estimates for GrIS include a thresh- 
old of ~1.5°C (0.8 to 3°C) (high confidence), 
timescales of 10 ky (1 to 15 ky) (medium con- 
fidence), and GMST feedback of ~+0.13°C 
(regional ~+0.5 to 3°C) (low confidence). The 
timescale of ice sheet meltdown gets shorter 
the greater the temperature threshold is ex- 
ceeded (40), with a minimum of ~1000 years. 


West Antarctic ice sheet (WAIS) 


Large parts of the WAIS are grounded below 
sea level; if the grounding line in these marine 
ice sheet basins reaches retrograde slopes, this 
may lead to the onset of marine ice sheet 
instability (MISI) and crossing of a tipping 
point (7, 8, 45). MIST is based on a feedback 
between the grounding line retreat and ice flux 
across the grounding line as it reaches thicker 
ice. This can lead to self-sustaining retreat and 
is hypothesized to have driven past collapses of 
the WAIS during previous warmer interglacial 
periods with high sea levels (21, 46). Some gla- 
ciers in the Amundsen Sea Embayment are 
already close to this threshold and experienc- 
ing substantial grounding line retreat (9). The 
grounding line of Thwaites glacier is only 
~30 km away from the subglacial ridge and 
retreating at ~1 km per year (47); eventual col- 
lapse may already be inevitable (10, 45). Models 
support irreversible retreat being underway 
for present levels of ocean warming (25, 48) 
and suggest that losing Thwaites glacier may 
destabilize much of WAIS (7). Under sustained 
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Fig. 1. Maps showing the global core (A) and regional impact (B) climate tipping elements identified in this study. Blue, green, and orange areas represent cryosphere, 
biosphere, and ocean-atmosphere elements, respectively. 


1°C warming one model shows partial WAIS 
collapse with mass loss peaking at ~2°C warm- 
ing (25). Hence we retain WAIS as a core global 
tipping element (high confidence) with a best 
estimate threshold of ~1.5°C [1 to 3°C, down 
from 3.5 to 5.5°C in (1)] (high confidence), 
timescales of 2 ky (500 years to 13 ky) (me- 
dium confidence), and GMST feedback of 
~+0.05°C (regional ~+1°C) (low confidence). 
Higher threshold exceedance reduces the transi- 
tion timescale to a minimum of ~500 years (40). 


East Antarctic subglacial basins (EASB) 


Recent data and models have shown that sev- 
eral subglacial basins of the EAIS—particularly 
the Wilkes, Aurora, and Recovery Basins—are 
also affected by MISI (21, 25, 49-51). These 
basins may also be subject to marine ice cliff 
instability in which the collapse of floating ice 
shelves creates unstable ice cliffs at the marine 
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edge of the ice sheet which can retreat faster, 
but the importance of this process is disputed 
(49, 51). One model indicates that Wilkes 
collapse may be committed by 3 to 4°C (25). 
Paleoclimate evidence for a higher mid- 
Pliocene sea level (+5 to 25 m) indicates that 
parts of the EASB (together with the GrIS 
and WAIS) were likely absent when the world 
was ~2.5 to 4°C warmer (21, 42, 52). By con- 
trast sea levels of +6 to 13 m at 1.1 to 2.1°C in 
MIS-11 do not require substantial EASB con- 
tribution (assuming WAIS and GrIS were 
lost) (50). Hence we class EASB as a core global 
tipping element (high confidence) with best 
estimates for a tipping threshold of 3°C (2 to 
6°C) (medium confidence), timescales of 2 ky 
(500 y to 10 ky) (medium confidence), and an 
uncertain GMST feedback provisionally as- 
sumed to be similar to WAIS (i.e., ~+0.05°C) 
(ow confidence). 
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East Antarctic ice sheet (EAIS) 

The land-grounded bulk of the EAIS is the 
world’s largest ice sheet, containing the equiv- 
alent of ~50 m of sea level potential (25). 
Paleorecords indicate that growth occurred 
once atmospheric CO, fell below ~650 to 
1000 ppm (~6 to 9°C) (42). Modeled ice sheets 
often exhibit alternative ice-covered or ice-free 
stable states for a range of global boundary 
conditions (53). As a result of this hysteresis 
the EAIS is expected to remain stable at CO, 
levels well beyond 650 ppm, helping it to 
survive through the warm mid-Miocene Cli- 
matic Optimum ~16 Mya (~2 to 4°C) (42). How- 
ever, long-term stabilization at >1000 ppm 
CO, and ~8 to 10°C warming could cause total 
disintegration (25). Once past this threshold, 
self-perpetuating feedbacks amplify ice loss 
(39). The loss of EAIS would have global ef- 
fects and hence is categorized as a global core 
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tipping element (medium confidence). Al- 
though unlikely, under high emissions [e.g., 
Representative Concentration Pathway (RCP) 
8.5] and high climate sensitivity it might con- 
ceivably be committed to during this century 
or thereafter. Our best estimates for the EAIS 
are a tipping threshold of ~7.5°C (5 to 10°C) 
(medium confidence), timescales of >10 ky 
(medium confidence), and GMST feedback of 
~+0.6°C (regional ~+2°C) (low confidence). 


Boreal permafrost (PFTP/PFAT) 


Permanently frozen soils and sediments in 
boreal regions contain ~1035 gigatonnes of car- 
bon (GtC) that can be partly released as CO, 
and methane upon thawing (54). Although 
initially lacking evidence for a synchronous 
large-scale threshold (7), subsequent assess- 
ments recognized that part(s) of the perma- 
frost could be considered a tipping element 
(3, 17). Here we separate permafrost into three 
components with different dynamics: gradual 
thaw [PFGT; a threshold-free feedback (high 
confidence)] (54-56) (see SM); abrupt thaw 
[PFAT; a regional impact tipping element 
(medium confidence)], and collapse [PFTP: a 
global core tipping element (low confidence)]. 
Abrupt thaw processes (PFAT) such as slope 
slumping and thermokarst lake formation 
(54) could increase emissions by 50 to 100% 
relative to gradual thaw (57), involve localized 
tipping dynamics (e.g., continued thaw sub- 
sidence after initiation) and could occur near- 
synchronously on a subcontinental scale. Our 
best estimates for PFAT include a tipping 
threshold of 1.5°C (1 to 2.3°C) (medium con- 
fidence), a timescale of 200 years (100 to 
300<years) (medium confidence), and an 
additional ~50% emissions beyond gradual 
thaw (~10 to 25 GtC per °C) (medium confi- 
dence). Finally, abrupt permafrost drying at 
~4°C (58) and/or sufficiently rapid regional 
warming (>9°C) corresponding to ~5°C glob- 
ally (7, 59) could act as a trigger for permafrost 
collapse (PFTP) driven by internal heat pro- 
duction in carbon-rich permafrost—“the com- 
post bomb” instability (60, 67). The Yedoma 
deep ice- and carbon-rich permafrost (con- 
taining ~115 GtC in Yedoma deposits, ~400 GtC 
across the Yedoma domain) is particularly vul- 
nerable as fast thaw processes can expose pre- 
viously isolated deep deposits (54, 59). This 
and other carbon-rich regions vulnerable to 
abrupt drying at >4°C (58) could have consid- 
erable feedback to global temperatures. Our 
best estimates for PFTP include a threshold of 
4°C (3 to 6°C) (low confidence), a timescale of 
50 years (10 to 300 years) (medium confidence), 
and emissions on the order of ~125 to 250 GtC 
(AGMST ~-+0.2 to 0.4°C) (low confidence). 


Mountain glaciers (GLCR) 


Alpine glaciers outside Greenland and Antarctica 
have individual mass balance thresholds and 
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elevation feedbacks yet large-scale synchronous 
losses are projected in several key regions at 
specific global warming levels. In transient 
simulations, peak water from European gla- 
cier melt is expected at ~1°C (62) with near- 
total loss expected to be committed at ~2°C 
(20). Global peak water occurs at ~2°C but 
committed eventual loss is expected at lower 
temperatures (63). Long model integrations 
show that global warming of 1.5 to 2°C is 
sufficient to lead to the eventual loss of most 
extra-polar glaciers (and possibly even polar 
glaciers) (40, 64). RCP4.5 (>2°C by 2100) puts 
most lower-latitude glaciers on a path to sig- 
nificant losses beyond 2100 (2/7). Glaciers in 
High Mountain Asia last longer than elsewhere 
but reach peak water at ~2°C with significant 
social impacts for South Asia (62). Given the 
considerable human impacts of glacier loss (63) 
we categorize mountain glaciers as a regional 
impact tipping element (medium confidence). 
Our best estimate includes a threshold of ~2°C 
(1.5 to 3°C) (medium confidence), a timescale 
of 200 years (50 years to 1 ky) (medium confi- 
dence), and GMST feedback of ~+0.08°C (re- 
gionally greater) (low confidence). 

Southern Ocean sea ice features abrupt events 
in some climate models (79) but because of un- 
certain dynamics and low confidence in pro- 
jections it is classed as an uncertain tipping 
element (see SM). Marine methane hydrates 
are classed as a threshold-free feedback and 
Tibetan plateau snow is classed as uncertain 
(see SM). 


Ocean-Atmosphere (circulation) 
North Atlantic subpolar gyre / Labrador- 
Irminger Sea convection (LABC) 


Convection in the Labrador and Irminger Seas 
in the North Atlantic—part of the subpolar 
gyre (SPG)—abruptly collapses in some models 
as a result of warming-induced stratification, 
a state which is then maintained by self- 
reinforcing convection feedbacks (19, 65) giving 
two alternative stable states with or without 
deep convection. Abrupt future SPG collapse 
occurs in nine runs across five CMIP5 models 
at 1.1 to 2.0°C, in one additional model run at 
3.8°C (19, 65), and in four CMIP6 models in 
the 2040s (~1 to 2°C) (66). In some models 
SPG collapse affects AMOC strength but SPG 
and AMOC have distinct feedback dynamics 
and patterns of impacts, and SPG collapse can 
occur much faster than AMOC collapse. The 
North Atlantic cooling trend (i.e., the “warm- 
ing hole”) is centered over the SPG and in 
models is often closely linked to SPG weaken- 
ing (65, 66), although others have associated 
it with AMOC slowdown (67). SPG collapse 
causes a concentrated North Atlantic regional 
cooling of ~2 to 3°C, potential global cooling of 
up to ~0.5°C, a northward-shifted jet stream, 
weather extremes in Europe, and southward 
shift of the intertropical convergence zone 
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(ITCZ) (65, 66). Given clear tipping dynamics 
and global impact we class SPG as a global 
core tipping element (medium confidence), with 
a best estimate threshold of ~1.8°C (1.1 to 3.8°C) 
(high confidence), a timescale of 10 years (5 to 
50 years) (high confidence), and GMST feed- 
back of ~0.5°C (regional ~—3°C) (low confidence). 


Atlantic meridional overturning circulation 
(AMOC) 


The AMOC is self-sustaining due to salt- 
advection feedback (northward movement 
of warm water increases its density as a result 
of cooling and evaporation supporting the 
deep convection that drives the circulation). 
Import of salt at the southern boundary of 
the Atlantic also supports alternative strong 
and weak AMOC stable states with multiple 
abrupt switches between them observed in 
the past (68). Global warming increases Arctic 
precipitation, freshwater runoff from Greenland, 
and sea surface temperatures, which together 
slow down the AMOC by inhibiting deep con- 
vection. The AMOC is inferred from some 
reconstructions to have weakened by ~15% 
over the past ~50 years (67) and early warning 
signals in indirect AMOC footprints are con- 
sistent with the current AMOC “strong” state 
losing stability (12). However, the IPCC gives 
low confidence on historical AMOC trends 
(21). The Special Report on the Ocean and 
Cryosphere in a Changing Climate (SROCC) 
(22) assessed AMOC collapse occurring during 
the 21st century to be very unlikely but phys- 
ically plausible; however, this was increased 
to unlikely (medium confidence) in AR6 (27). 
AMOC collapse is triggered in three runs of 
one CMIP5 model at 1.4 to 1.9°C and in two 
runs of an additional model at 2.2 to 2.5°C 
(79, 65) in contrast to gradual declines in other 
CMIP5 and CMIP6 models (27). However, AR6 
assessed CMIP models as generally tending 
toward “unrealistic stability” with respect to 
observational constraints (14, 27). They also 
neglect meltwater forcing from rapid GrIS 
melt (21, 69). Both factors make the AMOC 
more vulnerable to collapse. AMOC collapse 
would have global impacts on temperature 
and precipitation patterns including North 
Atlantic cooling, Southern Hemisphere warm- 
ing, southward-shifted ITCZ, monsoon weaken- 
ing in Africa and Asia, monsoon strengthening 
in the Southern Hemisphere leading to drying 
in the Sahel and parts of Amazonia, and re- 
duced natural carbon sinks (70-73). Hence 
AMOC is retained as a core global tipping 
element (medium confidence) with a best 
estimate threshold of ~4°C [1.4 to 8°C versus 
3.5 to 5.5°C in (1)] (ow confidence), time- 
scales of ~50 years (15 to 300 years) (medium 
confidence), and a GMST feedback of -0.5°C 
dow confidence) [regional —4 to -10°C, high- 
ly heterogeneous global pattern (medium 
confidence)]. 
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The Indian summer monsoon (and other 
monsoon systems) have been reclassified as 
uncertain climate tipping elements because 
of a lack of evidence for a warming-related 
threshold behavior. Equatorial stratocumulus 
cloud breakup and Indian Ocean upwelling 
are uncertain as a result of limited evidence. 
Global ocean anoxia is uncertain because the 
global warming level required for weathering- 
induced anoxia is unclear. ENSO is reclassified 
as an unlikely tipping element as it lacks a 
clear self-perpetuation threshold. Arctic ozone 
hole expansion is reclassified as unlikely as it 
is now improbable that it would be triggerable 
as a result of climate change. The Northern 
Polar Jet stream is classed unlikely because 
instability as a result of climate change re- 
mains uncertain and no threshold has been 
proposed. (All of the above elements are dis- 
cussed in more detail in the supplementary 
materials.) 


Biosphere 
Amazon rainforest (AMAZ) 


The Amazon forest biome stores ~150 to 200 GtC 
(3, 74, 75) and historically has been a im- 
portant sink for human CO, emissions (15). 
However, in intact forests this sink has de- 
clined since the 1990s (75) and ~17% of the 
Amazon forest has been lost to deforestation 
since the 1970s, a rate that has accelerated 
since 2019 (75). A combination of a climate 
change-induced drying trend, unprecedented 
droughts, and anthropogenic degradation in 
the south and east has led to the biome as a 
whole becoming a net carbon source (74). It 
has also lost resilience across ~’76% of its area 
(73). Rainfall is projected to further decline 
and the dry season is expected to lengthen in 
southern and eastern areas of the forest in 
response to further warming, likely worsen- 
ing this trend (75). The Amazon forest re- 
cycles around a third of the Amazon basin’s 
rainfall on average (76) and up to ~70% in 
parts of the basin (77), particularly during the 
critical dry season as the forest maintains 
transpiration fluxes (76). This and localized 
fire feedbacks mean that ~40% of the Amazon 
forest is estimated to currently be in a bistable 
state, increasing to ~66% on an RCP8.5 tra- 
jectory (18, 77), and rainforest loss could ini- 
tiate self-reinforcing drying that tips this 
portion into a degraded or savanna-like state. 
Widespread Amazon dieback was originally 
projected at either 3 to 4°C of warming or 
~40% deforestation (78) but uncertain syner- 
gistic interaction might lower the deforestation 
threshold to only ~20 to 25% (79). More recent 
ESMs tend not to simulate climate-induced 
Amazon dieback and emergent constraints 
indicate lower rainforest sensitivity to warm- 
ing (80). However, two CMIP5 models exhibit 
dieback at 2.5 and 6.2°C (19). Additionally, 
CMIP5 ESMs underestimate observed tree 
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mortality (75) and likely overestimate CO, 
fertilization (87), potentially making these 
models undersensitive to dieback. Given the 
size of the region affected by even partial 
dieback and its global impacts we categorize 
the Amazon forest as a global core tipping 
element (medium confidence). Our best esti- 
mates for AMAZ are a threshold of ~3.5°C 
(2 to 6°C) independent of deforestation (likely 
lower with deforestation) (low confidence), 
timescales of 100 years (50 to 200 years) (low 
confidence), and partial dieback of 40% (i.e., 
current bistable area) leading to emissions of 
~30 GtC along with biogeophysical feedbacks 
(see SM) to a GMST feedback of ~+0.1° (re- 
gional +0.4 to 2°C) (medium confidence). 


Boreal forest (BORF/TUND) 


The boreal forest (or taiga) encircling the Arctic 
region features multiple stable states of tree 
cover as a result of feedbacks including albedo 
and fire (82, 83). We classify it as a regional 
impact tipping element with two potential 
CTPs associated with abrupt dieback at its 
southern edge (BORF) (medium confidence) 
and abrupt expansion at its northern edge 
(tundra greening) (TUND) (medium confi- 
dence). Warming is projected to destabilize 
the southern edge, where factors such as hy- 
drological changes, increased fire frequency, 
and bark beetle outbreaks can lead to self- 
reinforcing feedbacks driving regionally syn- 
chronized forest dieback (on the order of 
100 km) to a grass-dominated steppe or prairie 
state (83). Models project that regime shifts 
may start in this area at ~1.5°C and become 
widespread by >3.5°C (84, 85). Dieback may 
also be rate-dependent (85). Our best esti- 
mates for BORF is a threshold of ~4°C (1.4 to 
5°C) (low confidence), timescales of 100 years 
(50+ years) (low confidence), and partial (~50%) 
dieback leading to emissions of ~52 GtC, 
which—along with countervailing biogeophys- 
ical feedbacks such as increased albedo and 
reduced evapotranspiration—leads to a net 
GMST feedback of ~-0.18°C (medium confi- 
dence) [regional ~—0.5 to 2°C (low confidence)]. 
Northward expansion of the forest into the 
current tundra biome may also feature self- 
perpetuation dynamics (e.g., by causing fur- 
ther local warming through albedo feedback). 
Models suggest that regime shifts may begin 
in this northern area at ~1.5°C and become 
widespread by ~3.5°C (84), with abrupt high 
latitude forest expansion occurring in one 
CMIP5 model at 7.2°C (79). For TUND our 
best estimates are for a threshold at ~4°C (1.5 to 
7.2°C) (low confidence), timescales of 100 years 
(40+ years) (low confidence), and partial (~50%) 
uptake of ~6 GtC which along with counter- 
vailing biogeophysical feedbacks (decreased 
albedo, increased evapotranspiration) leads 
to a net GMST feedback of +0.14°C per °C 
(regional ~+0.5 to 1°C) (low confidence). 
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Sahel vegetation and the West African 
monsoon (SAHL) 

Paleoevidence indicates multiple abrupt shifts 
into and out of African Humid Periods with 
associated greening of the Sahara in response 
to gradual changes in orbital forcing (86). 
AMOC weakening and associated warming of 
the Equatorial East Atlantic also caused past 
collapses of the West African monsoon (WAM) 
(70, 86, 87). Dust aerosol-rainfall positive feed- 
backs amplify change alongside well-established 
vegetation-rainfall positive feedbacks but many 
models still underestimate self-amplifying feed- 
backs and cannot reproduce the extent of past 
rainfall and vegetation changes (86). By con- 
trast, a model optimized against present ob- 
servations and mid-Holocene reconstructions 
recently reproduced abrupt transitions in 
Saharan vegetation with potential tipping 
dynamics (88). In future projections with 
GHG forcing, global (CMIP5 and CMIP6) 
and some regional Coordinated Regional Cli- 
mate Downscaling Experiment (CORDEX) cli- 
mate models tend to predict strengthening of 
the WAM and wetting and northward expan- 
sion of the central and eastern Sahel (as well as 
drying in coastal west Africa) (23, 70, 89-91), 
which tend to green the Sahel (86). Abrupt 
increases in vegetation in the Eastern Sahel 
occur in three ESM runs at 2.1 to 3.5°C (19). 
In other global models more gradual WAM 
strengthening and vegetation shifts are pre- 
dicted but in some regional climate models 
the WAM instead collapses (89). Clearly the 
existence of a future tipping threshold for the 
WAM and Sahel remains uncertain as does its 
sign but given multiple past abrupt shifts, 
known weaknesses in current models, and 
huge regional impacts but modest global cli- 
mate feedback, we retain the Sahel/WAM as 
a potential regional impact tipping element 
(low confidence). We adopt the scenario of 
abrupt wetting and greening with a thresh- 
old of ~2.8°C (2 to 3.5°C) (low confidence), 
a timescale of 50 years (10 to 500 years) 
(low confidence), and uncertain Earth sys- 
tem impacts (regional warming) (medium 
confidence). 


Low-latitude coral reefs (REEF) 


Tropical and subtropical coral reefs are threat- 
ened by anthropogenic pressures including 
overfishing, direct damage, sedimentation, 
ocean acidification, and global warming (92). 
When water temperatures exceed a certain 
threshold coral irreversibly expel their sym- 
biotic algae resulting in coral bleaching, thereby 
triggering coral death (93). Ocean acidification 
worsens warming-induced degradation. Coral 
collapse would remove one of the Earth’s most 
biodiverse ecosystems, affecting the wider 
marine food web, ocean nutrient and carbon 
cycling, and livelihoods of millions of people 
worldwide (92). Although coral bleaching is a 
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localized process synchronous bleaching can 
occur at the ~1000 km scale (as seen for the 
Great Barrier Reef), and further warming is 
expected to cause widespread bleaching (93). 
Adaptation may be possible with slower warm- 
ing rates (92) but the IPCC has projected 70 to 
90% tropical and subtropical coral reef loss at 
15°C with near total loss by 2°C (90). Given 
regionally synchronized tipping dynamics with 
significant human but indirect climate impacts, 
we categorize warm-water coral reefs as a re- 
gional impact tipping element (high confidence). 
Our best estimates are for a threshold of ~1.5°C 
(1 to 2°C) (high confidence), timescales of 
~10 years (medium confidence), and negligible 
GMST feedback (high confidence). Beyond the 
biosphere elements listed, the ocean biological 
pump and land/ocean carbon sink are unlikely 
to be tipping elements although they may fea- 
ture nonlinearities (see SM). 


Implications for climate policy and preventing 
dangerous levels of global warming 


Figure 2A summarizes our temperature thresh- 
old estimates for each tipping element making 
the shortlists (others are summarized in the 
supplementary text). Here we define crossing a 
CTP as “possible” beyond its minimum temper- 
ature threshold and “likely” beyond its central 
estimate. 

This revised assessment of CTPs has signif- 
icant implications for climate policy by deter- 
mining levels of global warming that prevent 
tipping to either committed changes in Earth 
system function or major damage to future 
societies. A risk minimization approach such as 
this seeks to avoid minimum estimated thresh- 
olds but this no longer appears possible for 
some tipping elements. 

Current warming is ~1.1°C above preindus- 
trial and even with rapid emission cuts warm- 
ing will reach ~1.5°C by the 2030s (23). We 
cannot rule out that WAIS and GrlIS tipping 
points have already been passed (see above) 
and several other tipping elements have mini- 
mum threshold values within the 1.1 to 1.5°C 
range. Our best estimate thresholds for GrIS, 
WAIS, REEF, and abrupt permafrost thaw 
(PFAT) are ~1.5°C although WAIS and GrIS 
collapse may still be avoidable if GMST re- 
turns below 1.5°C within an uncertain over- 
shoot time (likely decades) (94). Setting aside 
achievability (and recognizing internal climate 
variability of ~+0.1°C), this suggests that ~1°C 
is a level of global warming that minimizes the 
likelihood of crossing CTPs. This is consistent 
with the <0.5 to 1°C range of Holocene tem- 
perature variability whereas past interglacials 
<1.5 to 2°C had up to 10 to 13 m higher sea 
level (21, 95). 

The chance of triggering CTPs is already 
non-negligible and will grow even with strin- 
gent climate mitigation (SSP1-1.9 in Fig. 2, B 
and C). Nevertheless, achieving the Paris Agree- 
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ment’s aim to pursue efforts to limit warming 
to 1.5°C would clearly be safer than keeping 
global warming below 2°C (90) (Fig. 2). Going 
from 1.5 to 2°C increases the likelihood of 
committing to WAIS and GrIS collapse near 
complete warm-water coral die-off, and abrupt 
permafrost thaw; further, the best estimate 
threshold for LABC collapse is crossed. The 
likelihood of triggering AMOC collapse, Boreal 
forest shifts, and extra-polar glacier loss be- 
comes non-negligible at >1.5°C and glacier loss 
becomes likely by ~2°C. A cluster of abrupt 
shifts occur in ESMs at 1.5 to 2°C (19). Although 
not tipping elements, ASSI loss could become 
regular by 2°C, gradual permafrost thaw would 
likely become widespread beyond 1.5°C, and 
land carbon sink weakening would become 
significant by 2°C. 

Recent net zero targets if implemented could 
limit peak warming to ~1.95°C (1.3 to 3°C), but 
as of November 2021 current policies are esti- 
mated to result in ~2.6 °C (1.9 °C to 3.7 °C) by 
2100 (96). Therefore 2 to 3°C by 2100 is cur- 
rently likely with matching of pledges with 
policies key to determining where warming 
ends up in this range. Going from 2 to 3°C, 
maximum estimated thresholds for abrupt 
permafrost thaw, GrIS, WAIS, and extra-polar 
glaciers are passed, suggesting that tipping 
them would become very likely. The likelihood 
of triggering EASB collapse, Amazon die- 
back, and West African monsoon shift (Sahel 
greening) becomes non-negligible at ~2°C 
and increases at ~3°C. Subpolar gyre collapse, 
boreal forest dieback, and AMOC collapse 
also become more likely. Although not tip- 
ping elements, above 2°C the Arctic would 
very likely become summer ice-free and land 
carbon sink-to-source transitions would be- 
come widespread. 

If the moderate ambition of current policies 
is not improved and climate sensitivity or car- 
bon cycle feedbacks turn out to be higher than 
the median assumption then warming of up to 
~4°C is possible by 2100, and >4°C cannot be 
ruled out if future policy ambition declines 
and/or implementation falters. Going from 
3 to 5°C, EASB collapse becomes very likely, 
Amazon dieback becomes likely >3.5°C, boreal 
forest shifts likely >4°C, and large-scale 
permafrost collapse becomes possible at >3°C 
and likely >4°C. AMOC collapse may become 
likely >4°C but with high uncertainty (1.4 to 
8°C range) and AWSI collapse becomes pos- 
sible >4.5°C. Warming of >5°C, although very 
unlikely this century, becomes plausible in the 
longer-term under higher climate sensitivities 
with current or reversed policies. This risks 
EAIS collapse and a commitment of ~55 m of 
sea level rise if warming stabilizes >5°C for 
multiple centuries. Other tipping elements, if 
not already triggered—e.g., Amazon dieback, 
widespread Permafrost collapse—would very 
likely be committed and AMOC collapse and 
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AWSI collapse would become increasingly 
likely. Equatorial stratocumulus cloud breakup 
occurs in one model beyond ~6°C (97) and if 
plausible would represent a global CTP to a 
“hothouse” climate state (3). 


Discussion 


Tipping elements and their tipping points 
were treated independently in this assessment 
but there are multiple causal interactions be- 
tween them with risks of triggering cascades 
among CTPs (2, 4, 16), some mediated through 
temperature. The strength and in some cases 
even the sign of identified interactions is un- 
certain (4). Nevertheless, their combined effect 
tends to lower CTP temperature thresholds 
(6, 16). The present assessment would likely 
amplify this effect, further strengthening the 
incentive for ambitious mitigation. 

Some of the threshold and impact estimates 
are highly uncertain (e.g., AMOC, BORF/TUND, 
AMAZ, SAHL, PFTP) as are the transition 
timescales of many elements. Some proposed 
elements remain too uncertain to categorize 
(e.g., EQSC, ANOX, INSM, AABW, Congo rain- 
forest), and others considered unlikely to fea- 
ture tipping dynamics (e.g., ENSO, JETS) 
cannot yet be fully ruled out (see SM). Other 
tipping elements may yet be discovered. It 
may be possible to safely overshoot CTPs in 
slower elements such as ice sheets (94) but 
the allowable overshoot times need further 
research. Spatial pattern formation might al- 
low some biosphere elements to evade direct 
tipping (98) but this needs to be assessed. 

To further our understanding of the like- 
lihood of crossing CTPs an updated expert 
elicitation [building on (4)] is overdue. A 
horizon-scanning exercise and systematic 
scanning of CMIP6 model output [following 
(19)] and a tipping point model intercom- 
parison project could help identify more can- 
didate tipping elements and refine assessment 
of their likelihood. Further model improve- 
ments and model-data intercomparison are 
essential. Early warning methods are starting 
to reveal whether tipping elements are desta- 
bilizing for parts of GrIS (77), AMOC (12), and 
the Amazon (73), and can reveal proximity to a 
CTP (12). These could be augmented with deep 
learning techniques (99). Systematic applica- 
tion to observational and remotely sensed data 
together with targeted new observing systems 
could begin to provide a CTP early warning 
system (100). 


Conclusion 


The UNFCCC stipulates that all countries 
commit to avoid dangerous climate change, 
translated through the Paris climate agree- 
ment into keeping GMST well below 2°C and 
aiming for 15°C. Our assessment of climate 
tipping elements and their tipping points 
suggests that danger may be approached 
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Fig. 2. Our global warming threshold estimates for global core and regional 
impact climate tipping elements. Tipping elements (A) relative to IPCC SSP 
projections and likely future scenarios given current policies and targets (B) and 
how many thresholds may be crossed per Shared Socioeconomic Pathways 
(SSP) projection (C). Bars in (A) show the minimum (base, yellow), central 
(line, red), and maximum (top, dark red) threshold estimates for each element 
(bold font, global core; regular font, regional impact), with a paleorecord of 
GMST over the past ~25 ky (95) and projections of future climate change 


(green, SSP1-1.9; yellow, SSP1-2.6; orange, SSP2-4.5; red, SSP3-7.0; purple, 
SSP5-8.5) from IPCC AR6 (23) shown for context. Future projections are shown 
in more detail in (B) along with estimated 21st century warming trajectories 
for current and net-zero policies (gray bars, extending into (A); horizontal lines 
show central estimates, bar height the uncertainty ranges) as of November 2021 
(96) versus the Paris Agreement range of 1.5 to <2°C (green bar). The number 
of thresholds potentially passed in the coming decades depending on SSP 
trajectory in (C) is shown per decade (bars) and cumulatively (lines). 


even earlier. The Earth may have left a safe 
climate state beyond 1°C global warming. 
A significant likelihood of passing multiple 
climate tipping points exists above ~1.5°C, 
particularly in major ice sheets. Tipping point 
likelihood increases further in the Paris range 
of 1.5 to <2°C warming. Current policies lead- 
ing to ~2 to 3°C warming are unsafe because 
they would likely trigger multiple climate 
tipping points. Our updated assessment of 
climate tipping points provides strong scientific 
support for the Paris Agreement and associated 
efforts to limit global warming to 1.5°C. 


Materials and Methods 


We mined the literature subsequent to (1), 
including studies of paleoclimate change, 
observed change, early warning signals, fu- 
ture model projections, underlying theory, and 
existing assessments, to draw up a longlist of 
possible candidate tipping elements (table S3). 
For each we extracted information on evidence 
for self-perpetuation, temperature thresholds, 
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hysteresis/irreversibility, transition timescales, 
and global/regional impacts on climate, on 
which we then use subjective expert judgment 
to determine our best estimates. From this 
evidence (or lack of it) we drew up shortlists 
(Table 1) of ‘core’ global tipping elements and 
regional ‘impact’ tipping elements (Fig. 1), for 
which we summarize the rationale in the main 
text and supplementary text S2 and S3. Can- 
didates that did not make the shortlists (table S3) 
are classed as: (a) ‘uncertain’ tipping elements— 
due to limited evidence for self-perpetuating 
feedback and threshold behavior; (b) ‘unlikely’ 
tipping elements—possessing only localized 
tipping or nonfeedback response to climate 
change; and (c) ‘threshold-free feedbacks’— 
where positive feedbacks exist but are not 
strong enough to self-perpetuate. Different 
parts or phenomena of some systems—notably 
permafrost—are assigned to different cate- 
gories. We give (very low, low, medium, high, 
very high) confidence levels based on the 
IPCC’s confidence rating system (as a product 
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of the authors’ judgements of both the ro- 
bustness and the degree of agreement of the 
assessed literature) (101) for the estimates of 
central, minimum, and maximum temper- 
ature thresholds, timescales of transition, and 
global and local impacts on climate (supple- 
mentary text S2). We define crossing a CTP as 
‘possible’ beyond its minimum temperature 
threshold and ‘likely’ beyond its best estimate. 
Differences with past lists of tipping elements 
are described in table S4. 
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Donkeys transformed human history as essential beasts of burden for long-distance movement, especially 
across semi-arid and upland environments. They remain insufficiently studied despite globally expanding 
and providing key support to low- to middle-income communities. To elucidate their domestication history, 
we constructed a comprehensive genome panel of 207 modern and 31 ancient donkeys, as well as 

15 wild equids. We found a strong phylogeographic structure in modern donkeys that supports a single 


domestication in Africa ~5000 BCE, followed by furth 


er expansions in this continent and Eurasia and 


ultimately returning to Africa. We uncover a previously unknown genetic lineage in the Levant ~200 BCE, 
which contributed increasing ancestry toward Asia. Donkey management involved inbreeding and the 
production of giant bloodlines at a time when mules were essential to the Roman economy and military. 


omestic donkeys (Equus asinus) have 
facilitated the movement of goods and 
people for millennia, enabling trade and 
transport across a broad spectrum of 
landscapes (J). Despite their importance 
to ancient pastoral societies, little is known 
about the deep history of donkeys and the im- 
pact of human management on their genomes. 
This is most likely due to their undervalued 
status and loss of utility in modern industrial- 
ized societies. Donkeys are, however, extraordi- 
nary working animals and remain essential for 


developing communities, especially in semi- 
arid environments (2). Understanding their 
genetic makeup is not only key to assessing 
their contribution to human history but also 
to improving their local management in the 
future. 

The current archaeological record of early 
donkeys is limited (1, 3), which makes their 
domestic origins and spread through the 
world contentious. The reduced body size of 
zooarchaeological ass remains in Egypt at El 
Omari (4800 to 4500 BCE) and Maadi (4.000 to 


3500 BCE) has been interpreted as early evi- 
dence of domestication (4-7). Carvings on the 
Libyan palette that were found in Abydos, 
Egypt (3200 to 3000 BCE), depict lines of walk- 
ing asses, cattle, and sheep, which also suggests 
a domestication context (8, 9). Together with 
contemporary remains from the same region 
that show morphological evidence for load car- 
rying (10), these findings suggest that donkeys 
could have been first domesticated within a 
range extending from the Northeastern Sahara, 
the Nile Valley, the Atbara River, and the Red 
Sea Hills to Eritrea. In this model, donkeys were 
domesticated by pastoralists to assist with mo- 
bility around 5500 to 4500 BCE because of the 
large-scale aridification of the Sahara (1). Inde- 
pendent evidence based on patterns of mito- 
chondrial (77, 12) and nuclear sequence variation 
(13) also points to the African origins of the don- 
key, owing to their closer proximity to African 
wild asses (Equus africanus spp.) than to Asian 
wild asses (Equus hemionus spp.). 

However, candidate regions outside of Africa 
are also proposed as alternative domestication 
centers. In Ash Shuman (Yemen), for example, 
ass remains of disputed domestic status predate 
those from Egypt by 2000 years (~6500 BCE) 
(14). Likewise, textual, iconographic, and zoo- 
archaeological material indicates a possible 
additional center in Mesopotamia during the 
fourth and third millennia BCE (15-19), a 
context in which first-generation hybrids of 
donkeys and Syrian onagers have been iden- 
tified genetically (20). The segregation of 
mitochondrial variation in two main clades 
may also support a dual domestication process, 
for which the Nubian wild ass (Equus africanus 
africanus) is securely identified as the progen- 
itor of Clade I (11, 12). As for the ancestor of 
Clade II, it could either be the extinct Atlas 
wild ass (Equus africanus atlanticus), which 
was endemic to Northern Africa, or another un- 
described subspecies that potentially ranged 
outside of Africa. Whether a single, maternally 
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inherited marker captures the whole complex- 
ity of underlying ancestries can, however, be 
questioned after recent results from other ani- 
mals [e.g., horses (27)]. Furthermore, previous 
analyses of nuclear genetic variation in African 
and non-African donkeys have failed to dis- 
entangle their origins (73, 22). Overall, this 
lack of consensus between genetic and archae- 
ological data means that the geographic and 
temporal origin of donkeys and whether they 
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were domesticated more than once remain 
uncertain. The global spread of donkeys is also 
unclear, as their worldwide patterns of genomic 
diversity lack extensive characterization. 


Modern donkeys originated in Africa and 
spread into Eurasia 
To address these issues, we sequenced 49 mod- 


ern donkey genomes from underrepresented 
regions and combined these with 158 public- 


KEN ida 
8) (17) 


ly available genomes to capture worldwide di- 
versity (Fig. 1A and table S1) (13, 23-25). We 
constructed a fine-scale recombination map 
from genomes that encompassed all phyloge- 
netic groups, which we used to phase 13,013,551 
variants (fig. S1 and tables $3 and S4). Prin- 
cipal component analysis (26) revealed strong 
geographical substructuring, with donkeys 
from Africa, Europe, and Asia forming distinct 
genetic clusters (Fig. 1B and figs. S2 and S3). 
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Fig. 1. Modern donkey dataset and population evolutionary history. 

(A) Number and geographical distribution of modern donkey samples (n = 207). 
Pie charts show the ADMIXTURE proportion of domestic ancestry (gray), 

African wild ass ancestry (white), and kiang ancestry (black) averaged across all 
individuals from each country (56). For visualization, the total surface of each 
pie chart is scaled to 2%. (B) Smartpca (57) of modern donkeys, with the imputed 
ancient samples in black. PC, principal component. (C) Treemix phylogeny of 
modern domesticates (excluding individuals with high wild introgression, n = 201) 
(27). Node supports are estimated from 100 bootstrap pseudo-replicates 
(confidence <90% in red). The percentage values indicate admixture proportions 
inferred from Treemix (27). (D) SMC++ demographic trajectories (colored) 
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and split time estimates (black) for pairs of main geographic regions (28), 
repeating the analysis on two datasets of three individuals per population 

(the second dataset is shown in semitransparency). Modern donkeys are colored 
and shaped according to geographical location and continents in all panels. 
Country Codes: Algeria (ALG), Brazil (BRA), China (CHI), Canary Islands (CYK), 
Denmark (Eas), Egypt (EGY), Spain (ESP), Ethiopia (ETH), Ghana (GHA), Iran 
(IRA), Ireland (IRE), Kazakhstan (KAZ), Kenya (KEN), Kyrgyzstan (KYR), 
Mauritania (MAU), Mongolia (MON), Nigeria (NIG), Oman (OMA), Portugal 
(PTG), Saudi Arabia (SAU), Senegal (SEN), Somalia (SOM), Sudan (SUD), Syria 
(SYR), Tibet (TIB), Turkmenistan (TKM), Turkey (TUK), Tunisia (TUN), Yemen 
(YEM), Croatia (YUC), Macedonia (YUM). 
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A Treemix phylogenetic reconstruction that 
grouped modern donkeys according to sampl- 
ing locations (27) confirms the earliest split 
between African (Clade A) and mostly non- 
African donkeys (Clade B) (Fig. 1C). Further 
structure within Clade A separates donkeys 
from the Horn of Africa (Ethiopia and Somalia) 
plus Kenya from those from Western Africa 
(Ghana, Mauritania, Nigeria, and Senegal). 
Within Clade B, we find another major diver- 
gence between European and Asian donkeys, 
with east-to-west affinities in Europe from 
the Balkans (Croatia and Macedonia) to Iberia, 
Denmark, and Ireland. Conversely, Asian sub- 
populations show west-to-east substructur- 
ing from Iran and Central Asia to China and 
Mongolia. Combined, these findings suggest 
expansions from a central source into both 
continents. 

In Clade B, some of the most basal donkeys 
are from the Southern Arabian Peninsula 
(Oman and Yemen), whereas the single don- 
key from Saudi Arabia analyzed here shows 
European affinities, which is indicative of a 
secondary translocation. Similarly, the Pega 
donkey from Brazil is nested within Iberia, 
which mirrors the colonization history of the 
Americas. Clade B also includes donkeys 
from Nubia (Egypt and Sudan) that show 
affinities to the Levant (Syria) and Anatolia 
(Turkey), as well as donkeys from Maghreb 
(Tunisia), with closer genetic proximity to 
European subpopulations. This suggests gene 
flow into Africa from donkeys that were native 
to Anatolia and the Levant, but not to the 
Arabian Peninsula. Overall, this phylogenetic 
reconstruction is compatible with both mod- 
els of donkey domestication: a unique origin 
in Africa followed by dispersals out and back, 
or dual origins in Africa and the Southern 
Arabian Peninsula. 

The unique origin model posits a demo- 
graphic expansion in Africa first and subse- 
quent waves into Europe and Asia. By contrast, 
dual origins would result in an earlier split of 
demographic trajectories between African and 
Eurasian subpopulations, given their deep phy- 
logenetic divergence. To test these, we first per- 
formed demographic modeling using SMC++ 
(28), which revealed the first expansion around 
5200 BCE (7186 + 742 years ago), in line with 
archaeological evidence of domestication oc- 
curring at this time (Fig. 1D and fig. S6). Addi- 
tionally, when modeled from a possible African 
source, SMC++ trajectories indicated more re- 
cent and nearly coincidental expansions into 
Asia around 2600 BCE (4573 + 577 years ago) 
and Europe around 2800 BCE (4806 + 671 years 
ago) (Fig. 1D). This is in line with the unique 
origin model and the earliest archaeological 
evidence of donkeys in Asia (Iranian Plateau 
and the Indus Valley) and Europe (Portugal, 
Greece, and Cyprus) in the mid-to-late third 
millennia BCE (29-34). 
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Furthermore, the Yemen and Oman sub- 
populations do not branch basal to Clade B 
according to fineSTRUCTURE (35), in contrast 
to the expectations of the dual origins model, 
but within Asian subpopulations (Fig. 2, A and 
B). Lastly, the pairwise genetic distances be- 
tween Ethiopia and non-African subpopula- 
tions were greater than those from Yemen (fig. 
S5). They both increased linearly with geo- 
graphic distances and supported identical 
dispersal rates (fig. S5; p = 0.775), which is in 
line with a single wave of expansion at a con- 
stant pace. Therefore, our analyses support 
an early domestication in Africa that spread 
at an even rate into the Arabian Peninsula 
and Eurasia and flowed back into Nubia and 
Maghreb. Modern subpopulations from the 
Horn of Africa and Kenya so far best represent 
the descendants of earliest donkeys. 


Ancient donkey genomes reveal early and 
rapid dispersal into Asia and secondary 
contacts between Europe and Western Africa 


The patterns of genetic variation within mod- 
ern subpopulations may reflect recent breed- 
ing history rather than early domestication 
(36). Additionally, they could underrepresent 
the contribution of lineages that were once 
important but have since declined (37). Dating 
population splits also assumes constant yet 
unknown generation intervals. To address 
these caveats and validate the domestica- 
tion history reconstructed above, we gener- 
ated a genomic time series spanning the past 
~4000 years that included 31 ancient don- 
keys from 11 different sites, which ranged 
from the Atlantic shores (Portugal) to Central 
Asia (Eastern Iran/Turkmenistan) (Fig. 3A and 
table S2). 

Ancient genomes sequenced to 0.77- to 
5.05-fold coverage (table S6) were analyzed by 
using two complementary methods: pseudo- 
haploidization following (21) that resulted in 
4,833,570 nucleotide transversion sites and 
genotype imputation following (38), at 7,161,029 
polymorphic sites present at >5% frequency in 
modern donkeys (38, 39). Imputation accuracy 
was confirmed by the high consistency rates 
between imputed and observed genotypes 
after down-sampling of high-coverage modern 
genomes and downstream analyses that were 
largely consistent with those that were based 
on pseudo-haploidized data (figs. S7 to S15 
and table S6). 

The three oldest samples from our dataset 
consist of donkeys from Anatolia (Acemhdyiik, 
Turkey), which were radiocarbon dated to 
2564 to 2039 BCE. Their age and phylogenetic 
placement within Clade B confirm an early 
expansion out of Africa by ~2500 BCE, which 
is in agreement with SMC++ time estimates 
(Fig. 2A and fig. S10). These samples, as well 
as a donkey from Eastern Iran/Turkmenistan 
that is affiliated to the Bactria-Margiana Ar- 


chaeological Complex (BMAC) (~2050 BCE; 
sample Chalow3), branch before the forma- 
tion of modern subpopulations from Central 
Asia (Kazakhstan, Kyrgyzstan, Turkmenistan) 
and Eastern Asia (China, Mongolia, Tibet) 
(Fig. 2C). These subpopulations thus di- 
verged after 2050 BCE, but potentially be- 
fore the radiocarbon age of the donkey from 
Doshan Tepe (1049 to 928 BCE), which appears 
closer to modern subpopulations from Cen- 
tral Asia in one Treemix analysis (Fig. 2D and 
fig. S10). 

Ancient samples from Iran (Shahr-i-Qumis, 
800 BCE to 800 CE), including one Sassanid 
(sample AM805), are not more closely related 
to Central than to Eastern Asian modern sub- 
populations, although their exact phylogenetic 
placement remains unclear (Fig. 2, A and B, 
and fig. S10). Their fineSTRUCTURE affinities 
to modern Iran, Anatolia (Turkey), the Levant 
(Syria), and Maghreb (Tunisia) support dif- 
ferent genetic ancestry profiles from those 
inferred at the nearby site of Doshan Tepe. 
This indicates a population turnover in Iran 
after ~1000 BCE but before ~500 CE, corre- 
sponding to the radiocarbon time interval 
of Doshan Tepe and a single specimen from 
Shahr-i-Qumis. 

Notably, all our ancient specimens from 
Europe cluster within modern European do- 
mesticates, supporting differentiation within 
this continent before the oldest European 
samples analyzed (Tarquinia, 803 to 412 BCE, 
~2500 years ago; Fig. 3C). However, a donkey 
from a Roman context in Marseille, a major 
seaport trading center in Southern France 
(Centre Bourse Marseille, 0 to 500 CE), dis- 
played strong genetic affinities with modern 
individuals from Western Africa (Fig. 3, B and 
D). Additionally, SNP and haplotype shared- 
ness with modern Western Africa were also 
found in European donkeys from the Islamic 
era in Portugal (Albufeira, 1228 to 1280 CE) and 
Roman times in Northern France (Boinville- 
en-Woévre, 200 to 500 CE) (Fig. 3, B and E). 
This reveals multiple contacts between Europe 
and Western Africa from the Antiquity to 
Middle Ages. Despite ancient European don- 
keys showing Western African ancestry, 
these contacts have affected Western Africa 
more than Europe, in line with Treemix 
inferring gene flow predominantly in this 
direction rather than the reverse (Fig. 1C). 
All modern Irish donkeys and the two 
Etruscan samples from Tarquinia are devoid 
of Western African ancestry. This suggests the 
preservation of old European genetic lineages, 
at least in some modern subpopulations of 
this continent. 


Donkey management involved inbreeding and 
introgression from divergent lineages 


Inbreeding is a common reproductive strategy 
for breeding animals with desirable traits (40). 
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Fig. 2. Haplotype sharedness and phylogenetic placement of ancient 
European donkeys. (A) Haplotype sharedness clustering of modern (n = 168) and 
ancient donkeys (n = 31) reconstructed using fineSTRUCTURE (35). Modern 
domesticates are colored following Fig. 1, and ancient individuals are numbered 
according to Fig. 3A. Cluster supports are shown in as probabilities on each node 
if >0.8. MV242 placement is incongruent with Treemix (Fig. 2E) because of the 


To assess whether ancient donkey breeders 
made use of inbreeding, we measured the pro- 
portion of autosomal runs of homozygosity 
(ROH) using three independent techniques, 
all of which provided consistent results (figs. 
S13 and S14). We detected inbreeding, but no 
significant changes in levels between modern 
and ancient donkeys (Wilcoxon rank sum test, 
p = 0.395) (Fig. 4, A, B, and C). Conversely, 
modern horses show higher inbreeding lev- 
els than their ancient counterparts (Wilcoxon 
rank sum test, p < 0.001), which mirrors pre- 
vious reports of reduced heterozygosity and 
increased deleterious mutation load in re- 
cent times (Fig. 4, D, E, and F, table S11) 
(21, 42). Longer ROH tracts are more common 
in modern horses and donkeys than in the 
past, which is consistent with inbreeding 
from closer generations in their genealogies 
(Fig. 4, C and F). Overall, our analyses sup- 
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port recent major changes in reproductive 
management inflating inbreeding in horses, 
but not in donkeys. 

Admixture modeling suggests ongoing intro- 
gression from African wild asses into modern 
donkeys from Africa and the Southern Arabian 
Peninsula (with between 0.24 to 6.99% of ad- 
mixture) (Fig. 1A, fig. S4, and table $5). This 
is in line with free-ranging local management 
practices that allow for continued interbreed- 
ing with wild and feral subpopulations (4, 42). 
The limited but substantial amount of wild 
genetic material from kiangs in one modern 
donkey from China also supports admixture 
between taxa generally regarded as separate 
species. This confirms previous reports of 
mitochondrial introgression (43) and genomic 
admixture despite different karyotypes (24). 
Notably, all but one ancient donkey (sample 
Tur168) carried remnants of outgroup mate- 
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limited representation of divergent ancestries in the modern reference panel 
used for imputation. (B) Co-ancestry matrix based on haplotype sharedness. 
Co-ancestry values are averaged for co-clustered individuals. (C to E) Treemix 
phylogenies of three ancient specimens shown in black (C: Chalow3, D: Doshan 
Tepe, and E: MV242) placed within the subpopulations defined in Fig. 1C (27). 
Branches that are not scaled are shown as dashed lines. s.e., standard error. 


rial (0.21 to 4.15%; Fig. 3B), which poten- 
tially results from recent range contractions 
of wild subpopulations and ancient manage- 
ment practices providing more opportunities 
for wild introgression. 

The genome of MV242, a donkey from Israel 
dating to the Hellenistic period (350 to 58 BCE), 
displayed the largest fraction of divergent 
genetic material (Fig. 3B, 4.15% + 0.019). In 
Treemix, this sample showed a deeper place- 
ment than all donkeys present in our panel, 
except the Somali wild ass [Equus africanus 
somaliensis (E.a.som)] (Fig. 2E). Significantly 
positive f4 (E.a.som, MV242; Horn+Ken, x) 
statistics revealed MV242-related genetic an- 
cestry in some modern subpopulations (x), espe- 
cially toward Central and Eastern Asia (Fig. 5E). 
This ancestry was already present in the BMAC 
sample from Iran (sample Chalow3, Fig. 5F), 
which indicates contact ~2050 BCE at the 
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Fig. 3. Ancient donkey dataset, genetic affinities to outgroups, and 
modern donkeys. (A) Geographical distribution, estimated age, and sample 
names of ancient donkeys (n = 31). Pie charts represent the proportion 

of individuals with dun coat color (white), heterozygotes (gray), and derived 
coat color (red) at each site. Genotype probabilities =0.99 are denoted 

with ** and 20.9 with * (B) Heatmap displaying outgroup f3-statistics in the 
form of (modern, ancient; kiang) (58). Bar charts represent the proportion 


latest. It was, however, absent in Acemh6yiik 
at that time, which suggests that the MV242 
divergent lineage ranged into Eastern Iran/ 
Turkmenistan, but not Turkey. This lineage 
also left genetic material in modern Anatolia, 
the Levant, Nubia, and Maghreb, but notin 
Western Africa, which is consistent with don- 
keys carrying MV242-related ancestry flowing 
back into some African regions. In addition, 
this ancestry was also present in Southwest- 
ern European subpopulations (Canary Islands, 
Portugal, and Spain), but neither in the mod- 
ern Balkans and Ireland nor in any ancient 
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European sample analyzed here (Fig. 5, E and 
F). Combined, our results suggest a range for 
the MV242-related lineage from the Levant 
into Asia rather than Europe and Africa. 
Despite its divergent genetic makeup, MV242 
carries a mitochondrial haplotype character- 
istic of Clade II (Fig. 5A). Our tip-calibrated 
coalescent analyses revealed that the time to 
the most common recent ancestor of that 
Clade was 32,226 BCE and not 332,580 to 
142,980 BCE (Fig. 5B), as previously reported 
(12, 44). Because the same holds true for 
Clade I, both clades could have coexisted in 


of wild ancestry (kiang, onager, zebra, E.a.som) in each ancient individual 
with standard errors estimated from ADMIXTURE with 100 bootstrap pseudo- 
replicates (56). (C to E) Treemix phylogenies of ancient specimens from 
three archaeological sites shown in black [C: Tarquinia (Tarquinia214, 
Tarquinia501), D: Bourse (BourseB, BourseC), E: Albufeira 1x1] placed within 
the subpopulations defined in Fig. 1C (27). Branches that are not scaled are 
shown as dashed lines. s.e., standard error. 


sympatry 25,000 years later when donkeys 
were first domesticated (Fig. 5B). Additionally, 
no phylogeographic structure is apparent in 
patterns of mitochondrial variation, both in 
modern and ancient subpopulations, as ancient 
specimens from Asia and Europe, sometimes 
from the same archaeological sites, were placed 
across both clades (Fig. 5A). Y-chromosomal 
variation was also associated with little, if any, 
population structure (Fig. 5, C and D). Com- 
bined, our results dismiss mitochondrial DNA 
and the Y-chromosome as reliable markers of 
domestication history in donkeys. 
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Fig. 4. Inbreeding in domestic donkeys and horses. (A) Distribution of total ROH length in modern versus ancient donkeys. (B) Total length of ROH in donkey 


genomes through time. (C and D) Same as (A) and ( 


Romans bred improved donkeys for producing 
mules essential for their military power 

and economy 

Beyond documenting domestication history 
at the global scale, our genomic dataset also 
included three jennies (females) and six jacks 
(males) from the same archaeological site 
(Boinville-en-Woévre) (Fig. 3A). These were 
found in a dedicated farming area of a Roman 
villa, providing insights into local management 
practices in Roman Northern France (200 to 
500 CE). One jack (sample GVA349) appeared 
particularly inbred, with long ROH indicative 
of recent consanguinity (Fig. 4A), and was ge- 
netically related to four jacks and one jenny 
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(family group GVA1, including samples GVA125, 
GVA347, GVA348, GVA349, GVA353, and 
GVA354; table S10). Additionally, two jennies 
showed genetic relatedness coefficients equiv- 
alent to full siblings (family group GVAQ, in- 
cluding samples GVA355 and GVA358; table 
S10). This indicates breeding management 
within close kin, potentially aimed at select- 
ing for desirable traits. Genotype imputation 
at TBX3 (13) revealed the presence of dun and 
derived colored coats, but no evidence for the 
dominant alleles associated with white spots 
or long hair was found in the sequence align- 
ments at KIT (45) and FGF% (fig. S11 and tables 
S7 to S9) (46). The latter two phenotypes are, 


B), but for 79 modern and 75 ancient horses. ROH tracts were identified using the program ngsF-HMM (59). 


however, relatively common in modern breeds 
from France, which suggests post-Roman se- 
lection for these traits. 

The abundance of donkeys at Boinville-en- 
Woévre stands as an exception in Roman 
France, as mules dominated all other assemb- 
lages from this time (47). Contemporaneous 
Roman sites report mules of a large and uni- 
form size, indicating selective breeding in 
the parental species for expensive animals of 
exceptional stature [Varro (2, 6)] (48). Mor- 
phometric measurements previously revealed 
five donkeys from family group GVA1 as giant 
(148 to 156 cm at the withers) (47). We found 
that sample GVA359 had a similarly large size 
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(144 cm) and genetic affinities to Western 
Africa. This may indicate restocking to enhance 
body size from distant bloodlines carrying 
divergent ancestry or from wild populations. 

Outgroup admixture was significantly higher 
at Boinville-en-Woévre than in other ancient 
donkeys except the divergent MV242 specimen 
(p = 0.045). Significantly negative f4(kiang, 


Clade Il 


MV242; Fiumarellal, Boinville-en-Woévre) 
statistics support restocking into family group 
GVAI1 only, from a lineage more divergent 
than MV242 (Fig. 5G). Additionally, f4(kiang, 
E.a.som; Fiumarellal, GVA1) statistics reject 
unbalanced allele sharedness between E.a.som 
and GVAI, ruling out restocking from E.a.som 
or more divergent populations (Fig. 5H). Com- 
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bined, these findings uncover a lineage, phylo- 
genetically intermediate between MV242 and 
E.a.som, that contributed to the genetic makeup 
of some Roman donkeys at Boinville-en-Woévre. 
Together with the evidence of genetic related- 
ness and inbreeding, this suggests Boinville-en- 
Woévre as a likely mule production center that 
maintained the bloodlines of giant donkeys 
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Fig. 5. Uniparental marker phylogenies and introgression of divergent 
lineages. (A) Mitochondrial phylogeny constructed using IQ-TREE (60) with 100 
bootstrap pseudo-replicates marked with a black triangle if >90%. (B) Posterior 
distributions of the time to the most recent common ancestors of all mitochondrial 
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haplotypes, Clade | and Clade II labeled with their modes. (€ and D) Same as (A) 
and (B) for the Y-chromosome. (E to H) f4-statistics (58) exploring the genetic 
contribution of divergent lineages into modern and ancient donkeys. Z scores were 
corrected for multiple testing, and red bars with asterisks show p < 0.05. 
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that were selected through familial breeding 
and restocking. This center may illustrate how 
Romans sustained the enormous demand for 
mules, which is documented in the nearby 
Rhine frontier (49), and fueled transportation 
networks throughout the Empire (47). 


Discussion 


Our study solves long-standing debates about 
donkey domestication. We support domesti- 
cation starting from a unique African source 
~5000 BCE. Donkeys subsequently spread 
into Eurasia from ~2500 BCE, and Central and 
Eastern Asian subpopulations differentiated 
~2000 to 1000 BCE. Genetic affinities char- 
acteristic of modern Western Europe were 
already formed by 500 BCE. After early do- 
mestication, African donkeys further differ- 
entiated in the West and the Horn of Africa 
plus Kenya but also received streams of ge- 
netic ancestry from Western Europe as well as 
a region encompassing the Levant, Anatolia, 
and Mesopotamia. Donkey domestication in- 
volved limited but detectable wild introgres- 
sion. It did not entail inflated inbreeding in 
recent times, in contrast to horses. The pro- 
cesses of donkey and horse domestication 
differed substantially, as horses were domes- 
ticated twice (50) and rapidly spread across 
Eurasia from the lower Don-Volga region 
~2000 BCE (21). Their regional differentia- 
tion remained relatively limited owing to 
strong connectivity at continental distances 
early on and until oriental bloodlines were 
propagated throughout the world during the 
past 1000 years (41, 57). The extent to which 
the different domestication trajectories of 
donkeys and horses were only driven by their 
respective roles in human societies or also re- 
flected management practices adapted to their 
respective mating and social behavior (52) re- 
mains to be explored. 

This work clarifies global patterns of donkey 
domestication and movements but also high- 
lights many directions for future research. For 
example, it remains unknown whether domes- 
tic donkeys only dispersed out of Africa by 
land through the Sinai Peninsula or across 
the Red Sea from Ethiopia to Yemen. Addi- 
tionally, modern subpopulations from the Horn 
of Africa plus Kenya were found to be the first 
expanding. This may suggest early domesti- 
cation there or that donkeys domesticated 
elsewhere in Africa entering the region more 
recently. Further research is needed to clarify 
the timing of pastoral spread into the Red Sea 
Sudanese region and the Horn of Africa. Cur- 
rent dates range from ~2500 BCE in Ethiopia 
and Eritrea (53) to ~3000 BCE in Northern 
Kenya (54). Donkeys are not present in the 
archaeological record of Western Africa before 
the beginning of the common era, either (55), 
which postdates by 3000 years the time when 
donkey populations from the Horn of Africa 
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plus Kenya and Western Africa are inferred 
to have split genetically. This may indicate an 
early yet undocumented arrival in the region 
or a slow migration westward, only reaching 
the modern range later. Improving the current 
African archaeological record thus appears 
paramount to refining the exact context un- 
derlying early donkey domestication and sub- 
sequent population movements. 

Further genomic studies in other regions 
would also largely benefit the understanding 
of donkey diversity and history. Resolving the 
genetic structure of equine remains from the 
third millennium BCE of Southwest Asia will 
be challenging because of postmortem DNA 
decay but essential to mapping the geographic 
range of the divergent lineage identified here 
(sample MV242), as well as to understanding 
dispersal mechanisms in greater detail. The 
same holds true for Chalcolithic and Bronze 
Age Europe, which remain genetically undocu- 
mented in our dataset, and onwards. Develop- 
ing genetic knowledge of ancient European 
donkeys will further clarify patterns of exchange 
across the Mediterranean region, including 
during and after Roman times, as revealed in 
this study. It will also provide insights into 
the dispersal mechanisms underpinning the 
genetically supported presence of donkey 
remains in Portugal ~2200 BCE (33). Genetic 
characterization of local archaeological sites at 
the population scale may uncover additional 
mule breeding centers other than the one re- 
ported here. This will shed light on the diver- 
sity of breeding management strategies that 
were developed by Romans to supply their 
continental-wide economy and military with 
adequate animal resources (49). For now, both 
the absence of mules and the rarity of horse 
mares at Boinville-en-Woévre (47) suggest that 
mares were brought in for mating before re- 
turning pregnant to their owners. Alternatively, 
donkey breeders may have visited other farms 
with their jacks to cover mares. 

Efforts should continue to characterize the 
modern donkey diversity around the world, 
especially in Saudi Arabia, which is currently 
characterized by a single individual, as well 
as in Africa, for which no populations located 
south of the Equator have been sampled. Such 
efforts may not only refine the historical leg- 
acy of past populations into the modern world 
but also uncover the genetic basis of desert 
adaptations, which could prove invaluable for 
future donkey breeding in the face of global 
warming. 
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Lineage plasticity in prostate cancer depends on 
JAK/STAT inflammatory signaling 
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Drug resistance in cancer is often linked to changes in tumor cell state or lineage, but the molecular 
mechanisms driving this plasticity remain unclear. Using murine organoid and genetically engineered 
mouse models, we investigated the causes of lineage plasticity in prostate cancer and its relationship to 
antiandrogen resistance. We found that plasticity initiates in an epithelial population defined by mixed 
luminal-basal phenotype and that it depends on increased Janus kinase (JAK) and fibroblast growth 
factor receptor (FGFR) activity. Organoid cultures from patients with castration-resistant disease 
harboring mixed-lineage cells reproduce the dependency observed in mice by up-regulating luminal 
gene expression upon JAK and FGFR inhibitor treatment. Single-cell analysis confirms the presence 

of mixed-lineage cells with increased JAK/STAT (signal transducer and activator of transcription) and 
FGFR signaling in a subset of patients with metastatic disease, with implications for stratifying patients 


for clinical trials. 


esistance to molecularly targeted thera- 
pies is often due to mutations in the 
drug target, but there is growing recog- 
nition of other modes of tumor escape, 
particularly involving next-generation in- 
hibitors designed to circumvent target-based 
resistance mechanisms. For example, in epider- 
mal growth factor receptor (EGFR)- and KRAS- 
mutant lung cancer and in metastatic prostate 
cancer, tumor cells can undergo a lineage tran- 
sition from adenocarcinoma to squamous or 
neuroendocrine histology after treatment with 
the respective inhibitors (/-6). Similarly, BRAF- 
mutant melanomas can transition from a MITF* 
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differentiated melanocyte phenotype to more 
mesenchymal or neural crest stem-like cell 
states in response to BRAF inhibition (7-9). 
Transcriptomic analyses indicate that these 
changing cell states share features of normal 
developmental, regenerative, and stem cell 
signatures, suggesting that tumor cells co-opt 
these gene expression programs to escape 
lineage-dependent therapies (10). 

The increasing prevalence of this mode of 
tumor escape has sparked numerous investi- 
gations into the underlying mechanism. Anal- 
ysis of patient specimens, particularly at the 
single-cell level, has been instructive in defin- 
ing the complexity of the problem, revealing 
notable heterogeneity within and across patients 
(11, 12). Because these studies typically capture 
a single snapshot during tumor evolution, it is 
difficult to discern precisely when, where, and 
how plasticity arises and its relationship with 
drug treatment and resistance. 

Human prostate cancer provides an ideal 
model to study the role of plasticity in drug 
resistance because of its near universal associ- 
ation with prior exposure to androgen recep- 
tor (AR)-directed therapies. Prostate cancers 
initially present as AR* invasive adenocarci- 
nomas that express luminal lineage markers, 
including CK8, CK18, and kallikreins such as 
KLK3 (prostate specific antigen or PSA). His- 
topathologic criteria for diagnosis classically 
include a loss of TP63* basal epithelial cells, 
underscoring the luminal-like identity of pros- 
tate cancer. Prostate cancers are uniformly 
sensitive to androgen deprivation therapy but 
eventually relapse as castration-resistant pros- 
tate cancer (CRPC). 

Clinical observations and sequencing data 
demonstrate that CRPC has heterogeneous 
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phenotypes (13). Two subtypes, adenocarci- 
noma (CRPC-adeno) and neuroendocrine pros- 
tate cancer (NEPC), can be broadly identified 
by histology and staining for luminal (AR, 
KLK2/3) and neuroendocrine (SYP, INSM1 
CHGA/B, CD56) lineage markers. However, 
these markers do not capture the full spectrum 
of CRPC phenotypes, which include mixed 
luminal and neuroendocrine features, loss of 
canonical luminal and neuroendocrine mark- 
ers (“double negative”), and gain of basal, 
mesenchymal, and stem-like gene expression 
signatures (4, 14). Phenotypic heterogeneity in 
CRPC is thought to be a consequence of line- 
age plasticity within adenocarcinomas, rather 
than the outgrowth of preexisting subclones 
with alternative lineages. This conclusion is 
supported by the fact that genomic alterations 
found in early luminal cancers, such as ERG 
translocations, are retained in NEPC (5). Fur- 
thermore, these diverse CRPC phenotypes 
cannot be clearly distinguished by tumor geno- 
type. Although the loss of TP53 and RBI is 
highly enriched in NEPC and double-negative 
CRPC, alterations in these tumor suppressors, 
as well as PTEN, are also found in CRPC-adeno. 
A possible explanation is that loss of function 
in these genes may initiate a plastic cell state, 
which enables alternative lineage phenotypes 
to emerge during treatment with antiandrogen 
therapy. 

Another critical question is whether anti- 
AR therapy, which is highly effective in inhib- 
iting the growth of luminal epithelial tumor 
cells, may also accelerate the emergence of 
nonluminal CRPC phenotypes. The relative 
frequency of NEPC and double-negative CRPC 
cases has increased over the past decade (4), 
coinciding with increased clinical use of next- 
generation anti-AR therapeutics (such as 
abiraterone and enzalutamide) that inhibit 
AR signaling more potently than standard 
androgen-deprivation therapy. Although this 
correlation may be incidental, it begs the ques- 
tion of whether lineage plasticity, which is 
presumed to play a causal role in the develop- 
ment of antiandrogen resistance, is itself pro- 
moted or enhanced by anti-AR therapy. 


Inflammatory signaling in adenocarcinoma 
cells precedes NEPC 


To investigate these questions, we turned to 
two closely related genetically engineered 
mouse models (GEMMs) of prostate cancer 
that recapitulate the adenocarcinoma-to-NEPC 
transition after prostate-specific deletion of 
the human-relevant tumor suppressor genes 
PTEN, RBI, and TP53 using CRE recombinase. 
Single-cell RNA sequencing (scRNA-seq) was 
performed on whole prostates harvested from 
29 mice [9 wild type (WT); 7 Pten™/-Rb/~ (PtR); 
13 Pten"-Rb* ~Trp53! ~ (PtRP)] at relevant time 
points reflecting the adenocarcinoma-to-NEPC 
transformation (Fig. 1A and table S1) (16). 


SCIENCE science.org 


Transcriptomes from 67,622 cells were ana- 
lyzed and visualized by uniform manifold ap- 
proximation and projection (UMAP), using 
coarse labeling to identify cell types and green 
fluorescent protein (G/fp) to mark cells that 
underwent recombination (Fig. 1B, fig. S1, and 
methods). In addition to the expected ade- 
nocarcinoma (Epcam-Gfp) and NEPC (Syp*) 
populations, we were surprised to see three 
additional Gfp* clusters defined by expression 
of Pou2/3 and Delk1 (Pou2f3-Gfp); Vim, Twist2, 
and Neam1 (Vim-Gfp); and Tff3 (Lff3-G{p), re- 
spectively. Pow2f3 encodes a transcription fac- 
tor (TF) expressed by rare chemosensory cells 
in normal gut and lung tissue (often called tuft 
cells) and defines a non-neuroendocrine vari- 
ant subtype of small-cell lung cancer with 
morphologic features distinct from ASCL1 and 
NEURODI subtypes (17, 18). Tff3 encodes a 
secreted protein expressed by intestinal co- 
lumnar epithelial cells involved in maintaining 
mucosal integrity and is a clinical biomarker 
for Barrett’s esophagus (9). 

We examined potential routes of plasticity 
by evaluating cell connectivity in k-nearest- 
neighbor graphs, visualized using force-directed 
layouts (FDLs) for each genotype across dif- 
ferent time points. We noted the early appear- 
ance of Gfp* adenocarcinoma (Epcam-Gfp) as 
well as Tff3-Gfp cells, followed by the expan- 
sion of Vim-Gfp and NEPC and Pouw2/3-Gfp 
populations, with the transition to NEPC more 
prevalent in the PtRP genotype, indicative of 
the additional impact of P53 loss (Fig. 1, C 
and D). The presence of each of these subpop- 
ulations was confirmed by multiplex immu- 
nofluorescence (IF) and immunohistochemistry 
(IHC) (table S2), which documented SYP* 
(NEPC) and VIM* (VIM) cells in a background 
of ECAD* (and PANCK”) epithelial cells (top 
row for ECAD in Fig. 1E and PANCK stain in 
fig. S2) as well as larger clusters of NEPC (top 
row) and VIM (bottom row) and foci of TFF3* 
or POU2F3* cells (bottom rows) (Fig. 1E). Al- 
though this unexpectedly diverse range of cell 
types, often seen within a single mouse, is of 
interest, we focused our analysis here on the 
adenocarcinoma and NEPC populations be- 
cause of their established clinical importance. 
Deeper analysis of the 7/73" and Pou2f3* pop- 
ulations will be reported separately. 

Owing to the large number of independent 
alleles, definitive lineage-tracing experiments 
cannot be easily performed in this GEMM. 
Consequently, we relied on various computa- 
tional approaches to predict the most likely 
scenario by which lineage plasticity emerges. 
As a starting point, we reasoned that the early 
emergence of the adenocarcinoma population, 
along with its placement between WT and 
other mutant clusters in the k-nearest-neighbor 
graph, implicate it as the most likely source of 
plasticity (fig. S3, A to D, and methods). There- 
fore, we examined differentially expressed genes 


(DEGs) and pathways associated with popula- 
tions along this putative transition, using gene 
set enrichment analysis (GSEA) (Fig. IF and 
tables S3 to S5). First, we noted enrichment for 
a stem-like (L2) luminal signature that we and 
others have previously reported from single-cell 
analysis of the normal mouse prostate (20-22) as 
well as enrichment for epithelial-mesenchymal 
transition (EMT) programs and for signatures 
of early developmental programs (23, 24). Most 
surprising was strong enrichment for a range 
of inflammatory response gene signatures, in- 
cluding [fn-a, Ifn-g, Jak/Stat, and Tnfa (table 
S4). Given the indications implicating the ade- 
nocarcinoma population as a potential source 
of plasticity and its clinical relevance, we used 
Palantir trajectory analysis (25) to consider po- 
tential routes between adenocarcinoma and 
NEPC (Fig. 1G and methods). We noted three 
major trends in TF expression: (i) those active 
in adenocarcinoma alone, (ii) those expressed 
during the putative transition to NEPC, and 
(iii) NEPC-specific regulators (see Fig. 1,G and 
H, and fig. $3, E and F, for robustness analysis 
and table S5). Notably, four inflammatory re- 
sponse TFs (Statl, Stat2, Irf7, and Irfl), along 
with JAK/STAT (Janus kinase/signal transducer 
and activator of transcription) signaling, are spe- 
cifically enriched in adenocarcinoma cells dur- 
ing the transition phase to NEPC (Fig. 1, G and H). 


Cell-autonomous induction of plasticity in 
normal prostate organoids 


Having documented the onset and evolution 
of lineage plasticity in vivo in the mouse pros- 
tate, we next asked whether plasticity is de- 
pendent on the tumor microenvironment or 
whether it can occur in a cell-autonomous 
manner. For this purpose, we turned to or- 
ganoid culture because prostate epithelial cells 
can be grown in isolation without accessory 
stromal or immune cell populations from the 
prostate microenvironment (26). Because this 
system supports the growth of normal as well 
as malignant epithelial cells, it also provides 
an opportunity to examine the immediate and 
longer-term consequences of tumor suppres- 
sor gene deletion with precise kinetics. 
Focusing initially on Rb/ and Trp53 deletion 
(to model the alterations in human NEPCs in a 
minimalist system), we infected Trp53°?/-?; 
Roy? organoids with Cre-expressing len- 
tivirus. We also leveraged a mTmG reporter 
cassette to identify Trps3! Rb! ~ cells using 
the red-to-green color change initiated by Cre 
expression (movie S1). In contrast to the cystic 
appearance of uninfected organoids, those with 
Trp53 and Rb1 codeletion lost their basal- 
luminal polarity and cystic lumens by ~4 weeks 
(hereafter called hyperplastic), followed by the 
appearance of migratory cells and cellular 
protrusions outside the normally sharp exte- 
rior organoid borders at ~8 to 10 weeks (here- 
after called “slithering,” based on similarity to 
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Fig. 1. Inflammatory JAK/STAT signals emerge in adenocarcinoma before 
transition to NEPC in GEMMs. (A) Experimental design includes WT 

(9 mice), PtR (7 mice, PbCre:Rosa26™”"°Pten™ "RbI™") and PtRP 

(13 mice, PbCre: Rosa26™”">Pten™ "RoI "Trp53™")) at labeled time points. Time 
points for WT included 8 (one mouse), 12 (two mice), 24 (three mice) and 

32 (three mice) weeks; for PtR included 24 (three mice), 30 (two mice), and 
47 (two mice) weeks; and for PtRP included 8 (one mouse), 9 (one mouse), 
12 (four mice), and 16 (one mouse) weeks relevant to the adenocarcinoma-to- 
neuroendocrine transition (4-6). Furthermore, six PtRP mice were castrated 

at 8 weeks of age for either a total of 4 weeks (three mice, “Cas”) or 2 weeks 
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followed by 2 weeks of dihydrotestosterone (DHT, “Cas/Reg”) addback (three 
mice). (B) UMAP of GEMMs (N = 67,622 cells) shown for all cell types based 
on imputed Gfp expression (restricted to nonimmune cells) as a marker for 
mutant cells (see methods). (C) FDL of mutant Gfp* and WT cells (N = 28,934) 
colored by cell type. WT includes luminal 1, luminal 2, and basal. Mutant cell 
types include adenocarcinoma, Tff3-Gfp, Pou2f3-Gfp, Vim-Gfp, and NEPC. 

(D) FDLs separated by genotype and time point and colored by cell type: WT 
with N = 7435 cells (top left); PtRP 24, 30, and 47 weeks with N = 2565, 

662, and 1441 cells, respectively (top right); and PtRP 8, 9, 12, and 16 weeks with 
N = 981, 353, 4984, and 569 cells, respectively (bottom). (E) Hematoxylin 
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and eosin (H&E) and multiplex immunofluorescence (mIF) (40x) of mutant 
subtypes, including adenocarcinoma-to-NEPC transition, NEPC, and VIM. mlF 
channels include GFP (mG, green), 4',6-diamidino-2-phenylindole (DAPI) 
(nuclei, blue), VIM (mesenchymal, red), SYP (synaptophysin, purple), and ECAD 
(e-cadherin, white). Also shown are H&E and IHC of TFF3* and POU2F3* cells 
in mutant tissue. Scale bars represent 100 or 50 um as noted. (F) Heatmap 
of significantly enriched gene sets per cell type, restricted to WT epithelial 
(basal, luminal 1, luminal 2), adenocarcinoma, and neuroendocrine (NEPC) cells 
FDR < 0.01, abs(NES) > 1 where NES is the normalized enrichment score; 

see methods]. (G) Dissecting the adenocarcinoma-to-NEPC transition. Shown 
on the left are a FDL of mutant adenocarcinoma (subsetted to adeno-B and 
adeno-L2) and NEPCs cells from the PtR model (N = 16,593 cells) colored 

by genotype and time. Shown at the bottom are FDLs colored by normalized 
og2(X + 1) expression of Cdkn2a or pseudotime scaled from 0 to 1. Shown on 


the migratory phenotype originally reported 
for lung neuroepithelial bodies) (27) (Fig. 2, A 
and B; figs. $4, A to C, and S5; and movie S2). 
This phenotype was also seen after CRISPR- 
Cas9-mediated codeletion of Trp53 and Rb] in 
WT organoids (fig. S4B) and required deletion 
of both tumor suppressors. No morphologic 
changes were observed after deletion of Trp53 
or Rb] alone (fig. S4B), consistent with earlier 
work in human prostate cancer cell lines (28). 

To further characterize the changes induced 
by Trp53 and Rbi1 codeletion, we performed 
bulk RNA-seq, Western blot analysis, and IF or 
IHC analysis of various lineage markers. The 
most dramatic findings were reduced expres- 
sion of luminal lineage genes such as Nkx3.1, 
Dpp4 (Cd26), Krt18, and Krt8 and increased 
expression of mesenchymal genes such as Snail, 
Zeb2, and Vim (Fig. 2, C to E; fig. S4, C to E; and 
table S6). GSEA analysis of the bulk RNA-seq 
data confirmed enrichment of EMT (Fig. 2F 
and table S7) as seen in PtRP mice, which was 
further supported by increased protein levels 
of Slit3 (also in the leading edge of the EMT 
gene set) and the migratory slithering pheno- 
type observed morphologically. 

Most surprising, however, was strong enrich- 
ment for the same inflammatory response 
pathways (e.g., Jak/Stat) that we saw earlier 
in PtRP GEMMs, as well as overexpression of 
Fegfr1 (log2 fold change of 5.0; false discovery 
rate (FDR) < 7 x 10°] and the ligands Fe/1, 
Fegf2, Fef7, and Fgfi0 (all fold change >4; FDR < 
5 x 10°*) (Fig. 2, E and F). We confirmed this 
activation biochemically, with robust pStat1 
and pStat3 activation in 7; rp53! “Ror! ~ orga- 
noids that was reversed by 48-hour treatment 
with the Jak kinase inhibitor ruxolitinib (Rux) 
(Fig. 2, F and G, and fig. S4F). Thus, the early 
manifestations of plasticity seen in GEMMs 
can be recapitulated in normal prostate epi- 
thelial cells in culture in the absence of any 
accessory cells, indicative of a cell-autonomous 
process. 

However, unlike the later NEPC phenotype 
observed in PtRP mice and previous reports of 
Trp53'~;Rb1!~ GEMMs (29), we failed to de- 
tect pronounced expression of Syp or other 
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neuroendocrine markers (Chga, Chgb, Ascll, or 
Neurodl), even in T) rp53! ~;Ror! ~ organoids 
passaged for >12 months. Postulating that this 
might be due to the absence of critical prostate 
microenvironmental factors in organoid cul- 
ture media, we asked if the organoid pheno- 
type evolved further after orthotopic (OT) 
implantation of 7) rp53! “RoI! ~ organoids 
into Trp53*/*;Rb1*’* hosts. After confirming 
highly efficient engraftment of hyperplastic 
and/or slithering stage organoids in a pilot 
experiment (by detection of GFP” cells at 
4 weeks in the dorsal lobe of hormonally in- 
tact NSG mice), we scored lineage phenotype 
and tumorigenicity, as well as the effect of 
androgen blockade, in a larger cohort by treat- 
ing half the mice with castration and daily 
enzalutamide (Enz) 4 weeks after OT injec- 
tion. In the hormonally intact mice, engrafted 
cells remained Ar*, Syp” (as in organoid cul- 
ture); however, large foci of Ar’, Syp* engrafted 
cells were seen in all mice in the castration 
with Enz group, indicating progression to a 
neuroendocrine-like lineage, which was a con- 
sistent finding across four independent 7T7rp53 
and Rb codeletion experiments (fig. S6, A to 
D). To determine if this effect of in vivo andro- 
gen blockade on lineage plasticity is also ob- 
served in culture, we returned to the organoid 
model to determine the effect of Enz on the 
slithering phenotype after 77p53 and RbI co- 
deletion. The percentage of organoids scored as 
slithering increased from ~10 to >30% (~3-fold) 
after 7 days of Enz treatment (fig. S6E). 
Collectively, the above experiments demon- 
strate that changes in lineage-marker expres- 
sion and inflammatory response pathway 
activation seen in the adenocarcinoma popu- 
lation in PtRP mice can be recapitulated in 
mouse prostate organoids within weeks of Trp53 
and RbI codeletion. Furthermore, anti-AR ther- 
apy (castration and/or enzalutamide) can ac- 
celerate the rate at which these changes 
evolve, consistent with recent data using a 
patient-derived xenograft model (30). To ad- 
dress which cells can give rise to the plasticity 
phenotypes described above, we took advan- 
tage of prior work showing that organoids 
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with normal basal and luminal bilayer archi- 
tecture can be generated from single luminal 
or basal cells (26). Basal (CD49f*) and luminal 
(CD24") cells from established Rosa26-Isl-Cas9 
organoids stably expressing guide RNAs target- 
ing Trp53 and RbI were isolated by fluorescence- 
activated cells sorting (FACS), transduced with 
adenoviral Cre, seeded as single cells, expanded, 
and then scored after 4 weeks using the mor- 
phologic criteria for plasticity (cystic versus 
hyperplastic, described in Fig. 2B). About 80% 
of plated basal and luminal cells developed 
hyperplastic changes, indicating that either 
cell type has lineage plasticity potential in or- 
ganoid culture (Fig. 2H and fig. $4, H and I). 


Lineage plasticity initiates with mixing of 
basal-luminal identity 


Our organoids constitute a tractable exper- 
imental model that initiates and elaborates 
lineage plasticity in a reproducible manner. To 
gain more molecular insight into this plastic- 
ity, we characterized emerging transcriptional 
cell states and gene programs by collecting 
scRNA-seq data, beginning 2 weeks after Trp53 
and Rbdi codeletion (before any morphologic 
evidence of plasticity) as well as 4 and 8 weeks 
after deletion. A parallel set of cultures were 
treated with Enz at 2 weeks and harvested at 4 
and 8 weeks (Fig. 3A and table S1) to char- 
acterize the effects of androgen blockade on 
plasticity (see fig. S6). 

We observed great transcriptional heteroge- 
neity both within and between each time point 
and condition. To systematically catalog the 
observed cell states, we started with the WT 
phenotypic landscape then followed how it 
remodels after perturbation. To gain a concise 
description of the observed phenotypic diver- 
sity, we used our SEACells algorithm (37) (see 
methods) to calculate metacells separately 
within each sample. The metacell approach 
(24) aggregates similar single cells into a set of 
distinct, highly granular cell states such that 
any differences between cells within a meta- 
cell are likely technical rather than biological. 
Aggregating counts within each metacell gen- 
erates a robust (fig. $7), full transcriptomic 
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Fig. 2. Establishment of an organoid model of spontaneous lineage plasticity. 
(A) At the top are representative brightfield microscopy images of the various 
organoid phenotypes before and 4, 6, 8, and 10 weeks after 7rp53 and Rb1 loss. 
At the bottom is a schematic representation of lineage plasticity development in 
Trp53”*Rb1™* organoids. Scale bars represent 50 um. (B) On the left is a 
representative H&E staining of LentiCre Trp53°/*-Rb1*”* organoids ~10 weeks after 
deletion with cystic (A, blue), hyperplastic (B, red), and slithering (C, silver) 
phenotypes. On the right is a bar graph showing the percentage of organoids 

with given phenotypes during the time course. The scale bar represents 100 «um. 
(C) Western blot verification of DEGs identified in RNA-seq data in WT (Trp53"/": 
RbI'*“" organoids, left) and ~10 weeks after deletion (LentiCre Trp53*/“:Rb1/* 
organoids, right). Proteins are as marked. Actin was used as a loading control. 
Fold change in protein level as determined with ImageJ is given on the right. KO, 
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knockout. (D) Representative IHC of basal markers (p63, Ck5), luminal marker 
(Ck), and AR in WT (Trp53%P4% Rp J!oP10"P organoids, left) and ~10 weeks after 
deletion (LentiCre Trp53“/*:RbI* organoids, right). Scale bars represent 100 ym. 
(E) Volcano plot showing DEGs in the mutant organoid compared with 

WT. Blue lines indicate thresholds for significant DEGs [Bonferroni-adjusted 

p value < 0.001, abs(log2 fold change) > 1]. Red labels indicate significant DEGs of 
interest. (F) Lollipop plot showing significantly enriched pathways in Trp53 and 
Rb1-deleted organoids versus WT using bulk RNA-seq based on GSEA [Benjamini- 
Hochberg adjusted p value < 0.15; abs(NES) > 1] (red indicates enriched in mutant; 
blue indicates enriched in WT). Lollipop size corresponds to significance, or 
-log2(p value). (G) Western blot of total Statl and Stat3 levels and phosphorylated 
(p-) Stat] and p-Stat3 in LentiCre Trp53°/4-Rb1“”* organoids treated with increasing 
doses of the JAK1/JAK2 inhibitor Rux for 48 hours. Actin was used as a loading 
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control. (H) On the left is a schematic representation of single-cell cloning 
experiment of basal (CD49f*) and luminal (CD24") cells. Organoids harboring a Cre 
recombinase-inducible Cas9 [Rosa26 Isl-Cas9 (32)] were transduced with guide 
RNAs targeting Trp53 and Rb1 (LentiGuide Puro, guide sequences; table S23). Basal 
and luminal cells were sorted based on CD49f* (basal) and CD24* (luminal) 
expression, and subsequently, Cas9 was activated by transduction with adenovirus 
expressing Cre. About 1000 single cells were seeded and grown out. Nutlin-3 and 


quantification for each cell state, thus mitigat- 
ing noise and sparsity in sCRNA-seq data. An 
added benefit of metacells is the enumeration 
of observed cell states that are more amenable 
to comparison. 

To establish a baseline for assessing plas- 
ticity changes in mutant organoids, we first 
focused on the cell states in WT organoids. 
PhenoGraph clustering (25) identified five dis- 
tinct subpopulations, which we classified as 
luminal (L-Org1, L-Org2) or basal (B-Org]1, 
B-Org2, B-Org3) based on published transcrip- 
tomes (see methods) (Fig. 3, B and C; fig. S8, 
A and B; and tables S8 and S9). L-Org! cells 
share expression of stem-like genes (e.g., Ly6d, 
Tacstd2/Trop2) with L-Org2 cells but also ex- 
press other cytokeratins (e.g., Krt6a, Krt10) 
not typically associated with luminal cells. 
L-Org2 cells resemble stem-like (Ly6a/Scal", 
Psca*) luminal cells seen in vivo [called L2 
in Karthaus et al. (20); LumP in Crowley e¢ al. 
(21)] as well as canonical luminal cytokeratins 
(Krt8/Krt18) (20, 21). B-Orgl cells express ca- 
nonical basal markers (K7rt5, Krtl4, Trp63) and 
B-Org2 cells express secretory proteins such 
calcitonin and inhibin A, whereas B-Org3 cells 
are largely distinguished by expression of pro- 
liferation markers (Mki67, Aurka). 

After analyzing the entire time course after 
Trp53 and Rb1 codeletion, we found no over- 
lap between cell states in WT and mutant or- 
ganoids, even at 2 weeks, when organoids 
were still morphologically normal. When vis- 
ualized in a FDL (see methods), these meta- 
cells organize along the axis of time with a 
distinct gap between the WT and 2-week time 
point. Basal and luminal metacells identified 
by correlation to basal and luminal gene sig- 
natures are phenotypically well separated in 
the WT setting but converge together on the 
FDL after mutation (Fig. 3D and fig. $8, C and 
D; see fig. S8E for similar trends at the single- 
cell level). To understand these phenotypic 
changes, we characterized the basal and lumi- 
nal features gained and lost after mutation 
(tables S10 to S12; see methods). Over time, 
mutant organoids gain a mixed phenotype, in 
which mutant basal metacells acquire typical 
luminal features (KRT8, KRT18, PROMT) and 
lose typical basal features (KRT5, KRTI4). In 
parallel, mutant luminal metacells gain typical 
basal features (KRT17) but lose luminal mark- 
ers (PSCA, LY6D) (fig. S8, F and G). At the 
same time, both basal and luminal mutant cells 
concurrently gain EMT-like features (VIM, FN1, 
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COL4AI/2, ZEBI/2). Plasticity changes in the 
mutant organoid can thus be defined as a gain 
in mixed basal-luminal phenotype with EMT- 
like features. Furthermore, all of these changes 
are escalated by antiandrogen (Enz) treatment, 
consistent with the accelerated morphologic 
phenotypes observed in culture and in vivo. 
To ensure that the observed mixed basal- 
luminal phenotype was not merely a loss of 
original basal-luminal identity or a product of 
the metacell approach, we calculated basal 
and luminal scores for each individual cell 
based on basal and luminal features gained 
after mutation (table S12; see methods). Corre- 
sponding density plots showed that mutant 
luminal cells become more basal-like over time, 
and vice versa, resulting in a convergence be- 
tween luminal and basal phenotype over time 
and with treatment (Fig. 3E and fig. S9A). 
The apparent infidelity in basal-luminal line- 
age suggested that the mixed phenotype could 
serve as a useful proxy for quantifying plastic- 
ity. We therefore developed alternative mea- 
sures of basal-luminal mixing at each time 
point as a proxy for plasticity (see methods). 
These per-sample metrics confirmed that plas- 
ticity increases over time after tumor suppres- 
sor deletion and with Enz treatment (Fig. 3F 
and fig. S9). As a per-cell measure that captures 
plasticity changes both within and across sam- 
ple time points, we used a cell-type classification- 
based approach (25) to associate each mutant 
cell with a vector of classification probabilities 
for each WT organoid phenotype, where clas- 
sification uncertainty corresponds to increased 
mixing and plasticity (see methods). We visual- 
ized these per-cell probabilities as a ternary 
plot (fig. S10, A and B). As expected, WT cells 
favor a single assignment to their respective 
phenotype, whereas mutant cells converge to 
maximal uncertainty at the center of the ter- 
nary plot over time. We quantified this time- 
dependent increase in basal-luminal mixing 
using entropy of cell-type probabilities, which 
robustly agrees with our per-sample measures 
of plasticity while capturing a range of plas- 
ticity within each time point and condition 
(fig. S10, C and D; see methods). Interestingly, 
Enz-treated samples display even fewer cells 
favoring the L-Org2 phenotype, consistent with 
our transcriptional and morphological data 
showing that AR inhibition accelerates the 
loss of luminal identity (figs. S6D and S10E). 
Notably, we observed similar basal-luminal 
mixing in the PtRP mice, further validating 


Palbociclib were added 3 days after Cas9 activation to select for Trp53 and Rb1 
mutant cells. Twenty-four basal and 24 luminal clones were randomly chosen and 
expanded for 4 weeks. On the right is a quantification of whole-culture phenotypes 
(cystic or hyperplastic) of single cell-derived (CD49f* or CD24* FACS sorted) 
organoids after 4 weeks of culture. The left bar graph shows the absolute number 
of cultures, and the right bar graph shows the percentage of single-cell derived 
cultures in a cystic or hyperplastic state. 


the use of the organoid platform for interro- 
gating plasticity phenotypes (fig. S10, F to J). 
Thus, several orthogonal analytical approaches 
consistently detect increasing plasticity over 
time, in both organoids and GEMMs. 


Jak/Stat and Fgfr up-regulation coincides 
with plasticity onset and progression 


To uncover the gene programs that drive plas- 
ticity after tumor suppressor gene deletion, we 
leveraged our per-cell measure of plasticity to 
identify pathways activated in highly plastic 
cells. After correlating genes with our plastic- 
ity measure, we used GSEA to identify gene 
programs significantly associated with plas- 
ticity (fig. S11A and tables S13 and S14; see 
methods). Among these plasticity-associated 
pathways, we noted up-regulated EMT and 
NEPC signatures (fig. S11, B and C), even though 
morphological evidence of neuroendocrine 
transformation was not observed until these 
organoids were studied in vivo (fig. S6, A to D). 
To enrich for causal genes, we narrowed our 
list of candidate driver programs to pathways 
that meet two additional criteria: (i) activated 
early in the time course, because plasticity 
emerges before morphological changes (week 2 
after Trp53 and Rb1 codeletion) and (ii) fur- 
ther enriched with Enz treatment, based on 
the premise that plasticity increases with ther- 
apeutic pressure (tables S15 and S16; see 
methods). The top resulting pathways include 
JAK-STAT [also leukemia inhibitory factor 
(LIF), interferon-y (IFN-y), IFN-a], fibroblast 
growth factor receptor (FGFR), NOTCH, and 
EMT (also SMAD2) (Fig. 3G and fig. S11, D to F). 

Because our prostate organoids are cultured 
using defined, serum-free conditions that con- 
tain no ligands that might activate IFN response 
genes, we searched for potential mechanisms 
to explain the IFN response. Increased IFN sig- 
naling is often a consequence of cytoplasmic 
sensing of double-stranded DNA or RNA that 
is due to ruptured micronuclei or reactivation 
of endogenous retroviruses (32). However, 
CRISPR deletion of several genes involved in 
this sensing pathway [Tmem173 (Sting), Mavs, 
ToKI, [fthT] had no effect on the acquisition of 
the hyperplastic morphology after Trp53 and 
RbI codeletion. We therefore explored the pos- 
sibility of an autocrine loop, reasoning that if a 
ligand-receptor (L-R) pair activates JAK/STAT, 
then high abundance of the L-R should corre- 
late with increased JAK/STAT signaling in the 
mutant organoid cells. A key advantage of our 
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Fig. 3. Single-cell analysis of organoids reveals basal-luminal mixing, used 
as a proxy measure for plasticity to identify associated inflammation, 
JAK/STAT, and FGFR pathway activation. (A) Experimental design of 
organoid sequencing time course. Samples collected at weeks 0, 2, 4, and 8 
are enzymatically digested and subjected to scRNA-seq. Samples from weeks 4 
and 8 are collected with or without enzalutamide (ENZ) treatment. (B) FDL of 
WT basal and luminal SEACell metacells (N = 142), labeled by WT subpopulations 
determined by PhenoGraph clusters. Edges between metacells indicate the 
k-nearest neighbors (k = 6) (See methods). (€) Mean log2(X + 1) expression 
of DEGs in each basal and luminal subpopulation in the WT organoid. (D) FDL 
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(k = 10) of metacells in the prostate organoid before and after Trp53 and Rb1 
deletion (N = 884), annotated by either WT subpopulations or by time and 
treatment after mutation. (E) Contour plots of basal and luminal cell densities at 
each time point, depicting a convergence of cell identities after mutation (see 
methods). Single cells are plotted using mean Z-scores of the set of basal genes 
that are gained in mutant luminal cells (y axis) and the set of luminal genes 
that are gained in mutant basal cells (x axis). Samples were collected at week O 
(N = 2629), 2 (N = 1904), 4 (N = 2554), 8 (N = 2690), 4+ENZ (N = 2850), and 
8+ENZ (N = 3050). Gene imputation is performed using MAGIC (k = 30; t = 3) 
before obtaining the Z-score. See fig. SQA for a corresponding version without 
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gene imputation. Red, basal cell; blue, luminal cells; light colors, WT; dark colors, Trp53 
and Rb1 mutant (MUT). (F) Mean Euclidean distance between matched basal and 
luminal cells, based on the linear sum assignment problem (LSAP). Mean distances 
within each time point are an inverse measure of plasticity, which increases with time 
and treatment. (G) Top pathways significantly enriched for plasticity across time 
points (using GSEA, Bonferroni-adjusted p < 0.01, NES > 1; see fig. SLOC and table 
S14). Each pathway score is measured as the average Z-score of gene expression in 
each pathway among metacells. Rows (pathways) are ordered by increasing pathway 
score from bottom to top in the early time point at week 2. Red asterisks indicate 
pathways that are also enriched in ENZ-treated samples compared with untreated 
samples (see methods). (H) Cellular plasticity increases as a function of JAK/STAT 
signaling. Plasticity is measured as the average entropy of cell-type classification 


organoid model over the in vivo PtRP GEMM 
model is that it only needs to consider auto- 
crine L-R interactions; thus, we were able to 
exclude cell type as a variable in L-R analysis. 
We evaluated a set of '74 L-R pairs known to 
activate JAK/STAT signaling and scored each 
candidate based on their correlation with a 
summary statistic of 33 JAK/STAT-associated 
genes enriched after mutation (tables S17 and 
S18; see methods). 

The top L-R pairs identified by this analysis 
were LIF and its heterodimeric receptor (LIFR/ 
IL6ST), FGF1/FGFR, IL15/ILI5RA, the chemo- 
kines CCL2 and CCL5 and their cognate re- 
ceptors CCR2 and CCR5, and HGF/MET (Fig. 
31 and fig. $12A). To prioritize L-R pairs that 
cause an increase in plasticity, we applied sim- 
ilar criteria as for our candidate driver pro- 
grams: (i) up-regulation of receptor expression 
early in the time course (week 2) and (ii) fur- 
ther up-regulation with antiandrogen treatment. 
FGFR and LIF (co)receptors remained as top 
candidate drivers after filtering, based on in- 
creased expression of FGFR1, LIFR, and IL6ST 
after ENZ treatment as well as early expres- 
sion of FG@FR1-3 and LIFR after 7rp53 and Rb1 
codeletion (Fig. 3J and fig. S12, B and C). Thus, 
multiple lines of evidence from PtRP GEMM 
mice and from 7rp53 and Rbi-deleted organ- 
oids implicate Jak/Stat pathway activation as 
an early event that precedes the acquisition of 
various plasticity phenotypes such as basal- 
luminal lineage mixing, EMT, and transition 
to NEPC, with FGFR and LIF prioritized as top 
candidates for functional interrogation based 
on L-R analysis. 


Jak/Stat and Fefr inhibition restores luminal 
lineage identity 

To test these predictions at a functional level, 
we added recombinant FGF or LIF to organo- 
ids after 77p53 and Rbi1 codeletion, reasoning 
that plasticity might be further enhanced by 
an artificial increase in ligand concentration. 
We also included hepatocyte growth factor 
(HGF), which was among the top candidates 
in our L-R analysis but deprioritized because 
of its delayed activation relative to the onset 
of the plasticity phenotype and thereby acted 
as a validation control for our prioritization 
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schema. Recombinant FGF1, but not LIF or 
HGF, enhanced the magnitude of slithering 
(from 6 to 50% of Matrigel surface) within 
3 days (fig. SI3A; arrows indicate slithering), 
providing functional support for Fgfr signaling 
as a driver of plasticity. 

To address the functional role of JAK/STAT 
signaling, we derived Trp53°? 0, Ro oP ow? 
organoids in which either Jak! or Jak2 alone or 
in combination were disrupted using CRISPR- 
Cas9-directed single guide RNAs. We then 
deleted Trp53 and Rb1 by lentiviral Cre infec- 
tion and scored the percentage of organoids 
with cystic, hyperplastic, or slithering pheno- 
types at 8 weeks, as in Fig. 2B. Disruption of 
Jak1 or Jak2 alone blunted up-regulation of 
pStatl1 and pStat3 but only modestly affected 
development of the plasticity phenotype [~6 
to ~15% increase in cystic organoids (p = 0.01, 
Jak1 guides; p = 0.09, Jak2 guides)], with most 
organoids progressing to the hyperplastic mor- 
phology (fig. S13, B and C). By contrast, organ- 
oids with combined Jak1/Jak2 disruption 
(which more effectively blocked Stat1/3 phos- 
phorylation) had substantial preservation of 
cystic morphology (>3-fold increase; fig. S13, 
B and C). We confirmed this effect pharmaco- 
logically by treatment with the dual Jak1/2 
kinase inhibitor Rux, which restored cystic mor- 
phology (from ~5 to ~30%) in a dose-dependent 
manner (Fig. 4A and fig. S13, D and E). As fur- 
ther evidence of reversion to a more luminal 
lineage, these morphological changes were ac- 
companied by a modest reduction in Vim’ cells 
and an increase in AR expression (Fig. 4, C and 
D), commensurate with the reduction of pStat1 
and pStat3 levels back to baseline. 

Having demonstrated that perturbation of 
either FGFR or JAK/STAT signaling can affect 
the plasticity phenotypes in our organoid mod- 
el, we used the clinical grade FGFR inhibitor 
erdafitinib (Erda) to examine the functional 
consequences of pharmacological FGFR inhi- 
bition on plasticity, alone and in combination 
with JAK inhibition. Although treatment with 
Erda also reduced the percentage of organoids 
with the slithering phenotype, we observed a 
notable ~12-fold increase (5 to 60%) in cystic 
morphology when fully plastic organoids were 
cotreated with Erda and Rux (Fig. 4, A and B). 


probabilities per metacell. JAK/STAT score is the average Z-score of the leading-edge 
gene subset of KEGG_JAK_STAT_SIGNALING_PATHWAY and HALLMARK_ 
IL6_JAK_STAT3_SIGNALING. The entropy of classification probabilities was 

first calculated for each single cell and then averaged per metacell for visualization. A 
linear fit is shown with a Pearson's correlation of 0.76. (I) Top-scoring L-R interactions 
known to activate JAK/STAT signaling, based on the adjusted coefficient of 
determination (Raa) of the regression JAK_STAT ~L +R +L:R, where JAK_STAT is the 
JAK/STAT signaling score and L and R represent scaled imputed ligand and receptor 
expression (see methods). Only L-R pairs with nonzero Rogie are shown. (J) Mean 
expression (rows) by sample time point (columns) for candidate receptors that 
activate downstream JAK/STAT signaling in metacells. Receptor genes are ordered by 
increasing expression in the early time point at week 2 from bottom to top. 


Consistent with the morphologic change, 
we noted >3-fold reduction in cells expressing 
the mesenchymal lineage marker Vim by IHC 
(Fig. 4C), which was confirmed by Western 
blot and increased levels (1.5-fold) of the lumi- 
nal markers Ck8 and AR (Fig. 4D and fig. 
S13F). Importantly, these changes in morphol- 
ogy and lineage-marker expression occurred 
in the absence of any effects on organoid pro- 
liferation (Fig. 4E and fig. S13G), suggesting 
that the primary consequence of combined 
Jak/Fgfr inhibition is on lineage reprogram- 
ming rather than selective outgrowth of rare 
organoids that had retained cystic morphology 
after Trp53 and Rb1 codeletion. The restora- 
tion of cystic luminal organoids after com- 
bined Fgfr with Jak kinase inhibition led us 
to ask if sensitivity to antiandrogen therapy is 
also restored. Indeed, Enz sensitivity was re- 
stored to previously Enz-resistant organoids 
(~50% decrease in proliferation, comparable 
to WT organoids), but only after cystic mor- 
phology was restored by 14 days of Rux with 
Erda pretreatment (Fig. 4E and fig. $13H). 


JAK/STAT and FGFR activation in human CRPC 


To determine if the transcriptional programs 
linked to plasticity in our murine prostate mod- 
els are used in human prostate cancer, we 
analyzed scRNA-seq data from 12 CRPC patient 
samples representing both CRPC-adeno and 
transformed NEPC histologies (fig. S14 and 
table S19) that were obtained by radiologically 
guided biopsies of metastatic index lesions 
visualized by metabolic imaging. As expected, 
these samples were enriched for genomic al- 
terations in 7P53, RBI, and PTEN or in other 
alterations linked to these pathways such as 
CDKN2A/CDKN2B (RB1) and AKT/ (PTEN) 
(13, 33, 34) (Fig. 5A). Transcriptomes from 
51,094 cells were analyzed (see methods), 
and the tumor cells (7 = 27,338) revealed no- 
table heterogeneity across samples with a clear 
distinction based on CRPC-adeno and NEPC 
histology (Fig. 5B and fig. S15, A to C). Cells 
were scored for JAK/STAT, FGFR, AR, EMT, 
and NEPC signatures (see methods), derived 
from published GEMM and organoid plasticity 
models (table S18), and a mean value was deter- 
mined for each PhenoGraph cluster [k-nearest 
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Fig. 4. Pharmacological inhibition of JAK/STAT signaling and FGFR 
signaling resensitizes prostate cancer organoids to androgen receptor 
signaling inhibitors. (A) Representative brightfield microscopy images, H&E 
staining, and IHC of CK8, Ck5, and vimentin of Trp53°/4;Rb1*”4 organoids 
treated for 14 days with the indicated drugs. Scale bars represent 100 um. 

(B) Quantification of phenotypes cystic (blue), hyperplastic (red), and slithering 
(silver) of Trp53*/*;Rb1*”* organoids treated for 14 days with the indicated drugs; 
see methods for exact medium composition. (C) Quantification of vimentin 
positivity of organoids in (A). The total number of organoids that were positive for 
the marker were quantified and normalized. (D) On the left is a Western blot of 
lineage markers and JAK/STAT signaling components in Trp53*/*;Rb14/4 
organoids treated for 14 days with the indicated drugs; see methods for exact 
medium composition. Proteins were probed as indicated. Actin was used as 

a loading control. Shown on the right is the protein fold change for AR, Ck8, and 
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vimentin as determined by ImageJ analysis in Trp53“/*;Rb1*”* organoids treated 
for 14 days with the indicated drugs. (E) At the top is a schematic overview of 
the resensitization drug experiments. Organoids are treated with Erda 100 nM and 
Rux 10 uM for 14 days in low-epidermal growth factor (EGF) organoid medium 
(ENR+A83+DHT), and control organoids are cultured in low-EGF organoid medium 
for 14 days. Subsequently, organoids (10,000 cells per well, triplicate) are 
reseeded in organoid culture medium without EGF (NR+A83) that contains an 
AR agonist (DHT 1 nM) or antagonist (enzalutamide 10 uM). Viability is shown at 
the bottom, which was measured by CellTiterGlo after 7 days of enzalutamide 
treatment of Trp53°”*:Rb1 organoids that were treated for 14 days with 

the indicated drugs. Results were normalized to control-culture conditions. See 
methods for exact medium composition. The bar graph represents the relative 
viability to control, as measured by Cell Titer Glo Light Units (LU). Data are 
presented as mean + SD. 
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Fig. 5. Activation of JAK/STAT and FGFR signaling arises in CRPC patient 
biopsies and PDOs. (A) Treatment-refractory metastatic CRPC patients 
underwent interventional radiology-guided biopsies. High-risk index lesions were 
guided by advanced molecular imaging. Mutational oncoprints were labeled 

by sample ID (HMP, human metastatic prostate), histology (orange, adenocar- 
cinoma; yellow, neuroendocrine prostate cancer), and mutational status (blue, 
deletion; red, amplification; green, missense; black, stop or frameshift). 

(B) UMAPs of tumor cells from patient-derived metastatic CRPC (N = 27,338 
cells) colored by tumor ID and grouped by tumor type. (©) UMAPs of tumor 
cells from patient-derived metastatic CRPC, annotated by PhenoGraph clusters 
(k = 30), divided into three groups defined by the Z-score of either JAK/STAT 
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and FGFR or NEPC signatures: (i) AR-high and JAK/STAT+FGFR-low adenocar- 
cinoma (JAK and FGFR signature, Z-score < 1, green), (ii) AR-low and JAK/ 
STAT+FGFR-high adenocarcinoma (JAK and FGFR signature, Z-score > 1, 

blue), and (iii) NEPC (neuroendocrine signature, Z-score > 1) (see methods). 
(D) Three scatterplots of PhenoGraph clusters (points) based on the Z-score of 
combined JAK/STAT+FGFR signature (x axis) versus EMT, AR, and NEPC 
gnatures (y axis), respectively. Linear fits were calculated for adenocarcinoma 
usters only; the corresponding Pearson's correlation is noted. Clusters 
nnotated by groups defined in (C): NEPC (red), AR-high and JAK/FGFR-low 
deno (green), and AR-low and JAK/FGFR-high adeno (blue). (E) Proposed 
assification of metastatic CRPC samples based on JAK/STAT+FGFR and NEPC 
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neighbors (%) = 30]. Scatterplots of these clus- 
ters revealed a strong positive correlation be- 
tween JAK/STAT with FGFR signaling and 
EMT [correlation coefficient (7) = 0.70], but 
a negative correlation with AR signaling (7 = 
-0.47) (Fig. 5D). One particular CRPC ade- 
nocarcinoma tumor (HMP13) distinctively dis- 
played intratumoral heterogeneity, harboring a 
subpopulation marked by JAK/STAT and FGFR 
up-regulation, EMT, and down-regulation of 
AR signaling (fig. S15D and table S20). Map- 
ping of TFs in this sample across pseudotime 
(25) revealed a similar activation of transcrip- 
tional regulators, namely STAT2/3, IRF1, and 
IRF’ (fig. S15, E and F, for robustness analysis). 
Overall, clusters with JAK/STAT with FGFR- 
and EMT-high programs are found in 5 out of 
9 (or 56%) of CRPC adenocarcinoma samples 
(Fig. 5E; defined by having at least >20 cells in 
a cluster). These results are highly consistent 
with our findings from the GEMM and organ- 
oid models where JAK/STAT and FGFR are 
strongly correlated with EMT programs and 
lower AR signaling but absent in NEPC cells. 

To address whether the JAK/STAT and FGFR 
activation we observed in human CRPC sam- 
ples is functionally linked to lineage plasticity 
phenotypes such as EMT and NEPC, we turned 
to a panel of human prostate cancer organoids 
derived from patients with CRPC, all of which 
have been characterized by whole-exome se- 
quencing and bulk RNA-seq and represent the 
CRPC-adeno and NEPC histology phenotypes 
described earlier. As expected, these patient- 
derived organoids (PDOs) were enriched for 
alterations in T7P53, RBI, and PTEN. For the 
CRPC-adeno subgroup, we have previously 
shown that those with high AR expression (e.g., 
MSKPCa2) express luminal lineage markers 
and remain sensitive to Enz (35). We there- 
fore focused on CRPC-adeno organoids with 
low or absent AR expression, as well as PDOs 
with NEPC histology, to determine if Rux with 
Erda treatment might restore expression of 
luminal genes as we saw in Trp53 and RbI- 
deficient mouse organoids. Transcriptomic 
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signatures. HMP13 is assigned to the JAK/STAT+FGFR-high group, because this 
sample harbors a well-demarcated JAK/FGFR and EMT-high subpopulation, described 
n fig. S14D. (F) Schema of baseline attributes and functional change in human 
organoids with null to low AR expression after treatment with combined Rux and Erda, 
with hold-out sample MSKPCA2 used as reference level for the AR-high subtype. 
Shown are (1) baseline attributes, including an oncoprint of the TP53, RB1, and PTEN 
genotypes, transcriptional subtypes based on Tang et al. (36), and low versus 

null AR protein expression; (2) a heatmap of baseline gene signatures in the human 
organoids using publicly available bulk RNA-seq based on mean Z-scored expression 
of JAK/STAT signaling, FGFR signaling, and EMT gene sets (see methods); and (3) 
functional changes in human organoids with null to low AR expression after treatment 
with Rux and Erda, including cell viability, and log2 fold change (FC) in AR and VIM 
protein expression. (G) Western blot of lineage markers and JAK/STAT signaling 
components in MSKPCA3 organoid after 14 days of treatment with Erda 100 nM, 
Rux 10 uM, or with Erda 100 nM and Rux 10 uM combination. Proteins were probed 
as indicated. Actin was used as a loading control. (H) Representative histology and 
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analysis revealed increased JAK/STAT activa- 
tion and EMT signatures in five PDOs (MSKPCa3, 
8, 11, and 12 and LuCap176), all of which have 
low AR expression and therefore reflect the 
JAK/STAT-high, mixed AR-low subgroup seen 
in the patient biopsies (Fig. 5F, fig. SI6A, and 
table $21). Unlike our genetically defined mouse 
organoid model, the human PDOs contain a 
complex array of genomic alterations beyond 
the tumor suppressor gene annotated in Fig. 5F 
and have growth properties that, in general, are 
much slower (4- to 7-day doubling times) than 
mouse organoids (1 to 2 days). In addition, 
individual PDOs often have heterogeneous 
expression of lineage markers, exemplified by 
variations in the level and percentage of cells 
with AR expression when examined on a cell- 
by-cell basis (Fig. 5, G to I). 

Despite these differences between the mouse 
and human organoid models, we observed in- 
creased AR expression after 14 days of Rux 
with Erda treatment in four of the five AR-low 
and JAK/STAT-high PDOs. This change in AR 
expression was accompanied by increased ex- 
pression of the luminal cytokeratin CK8 and 
decreased expression of the mesenchymal 
marker (VIM) (Fig. 5, F to I, and figs. S16B 
and S17). As with the 7rp53 and Rbi-deleted 
mouse organoid, Rux with Erda treatment did 
not affect the proliferation rate of the AR-low 
and JAK/STAT-high PDOs (fig. S18, A and B). 
One important distinction from the mouse 
system, however, is that a substantial percent- 
age of cells within each of these Rux-with-Erda- 
sensitive organoids remained AR (Fig. 51). 
Whether this is a consequence of the greater 
genomic complexity of the human versus 
mouse models and/or the need for longer 
periods of drug treatment to reprogram human 
organoids fully (owing to their slower growth 
rate) requires further study. 

In addition to the luminal reprogramming 
phenotype seen in the AR-low, JAK/STAT- 
high organoids, we noted a distinct phenotype 
of substantial growth inhibition in two AR- 
PDOs with CRPC-adeno histology (MSKPCal1 


IHC (CK8, CK5, and vimentin) of MSKPCA3 organoids after 14 days of treatment 
with Erda (100 nM) and Rux (10 uM) combination in full organoid medium 
(ENRFFPN, A83-01, nicotinamide, DHT). Red arrowheads indicate organoids of 


ein expression. See methods for exact medium 


composition. Scale bars represent 100 um. (1) Shown at the top is a representative 
staining of AR in control-treated 
100 nM and Rux 10 uM. Shown at the bottom is a bar graph of AR IHC staining 
SKPCA3, LuCAP176, MSKPCA8, MSKPCA1I, and MSKPCAI12. 
Organoids were control-treated or treated with Erda 100 nM and Rux 10 pM. AR 
staining was classified as nega 
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nknown. 


and 16) (fig. S18, A and B). These PDOs are 
noteworthy for signatures of highly activated 
FGFR signaling but modest or absent JAK/ 
STAT activation and likely reflect a depen- 
dency on FGFR for proliferation. Indeed, evi- 
dence of FGFR-dependent CRPC has been 
previously reported in the context of AR’, SYP" 
(double negative) prostate cancer (4). Growth 
of one of the three NEPC PDOs (LuCaP49) was 
also notably inhibited by Rux with Erda de- 
spite low FGFR and JAK/STAT activation states 
across all three lines. The mechanism underly- 
ing this sensitivity requires further investigation. 

Finally, we mapped the Rux-with-Erda sensi- 
tivity profiles to four subtypes of human CRPC 
(AR*, Stem-like, Wnt, and NEPC) recently re- 
ported based on integrated chromatin accessi- 
bility and transcriptome analysis (36). The four 
PDOs that display luminal reprogramming all 
fall within the stem-like subtype [also defined by 
increased JAK/STAT activation in Tang et al. 
(36)], whereas the two CRPC-adeno PDOs with 
growth inhibition fall with the Wnt subtype (Fig. 
5F), providing evidence of specific and exploit- 
able therapeutic vulnerabilities for molecularly 
distinct subtypes of human CRPC. 


Discussion 


Across multiple cancers, marked changes in 
tumor cell state are implicated in the resist- 
ance to targeted therapies. This lineage plas- 
ticity is particularly relevant in the context of 
next-generation drugs designed to overcome 
conventional resistance that arises from drug- 
target mutations. However, lineage transfor- 
mation remains poorly characterized, and we 
even lack a basic quantitative description of 
phenotypic plasticity. To address this mecha- 
nism of resistance therapeutically, it is critical 
to understand when, where, and how cell-state 
changes arise—ideally, by profiling tumor cells 
as resistance arises. We performed scRNA-seq 
time-course experiments on prostate cancer 
GEMMs and organoids, enabling an in-depth 
study of the adenocarcinoma-to-NEPC transi- 
tion upon deletion of tumor suppressor gene 
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combinations relevant to human CRPC (77rp53, 
Rbi, Pten). Our analysis identified an adeno- 
carcinoma population with mixed luminal and 
basal identity that emerges within 2 weeks of 
tumor suppressor loss and progresses to EMT 
or NEPC phenotypes. We developed approaches 
to quantify plasticity, showing that it arises in a 
cell-autonomous fashion in both normal lumi- 
nal and basal cells and increases as migratory 
behavior and EMT-like transcriptional signa- 
tures are acquired. However, progression to an 
NEPC phenotype only occurs in vivo, presum- 
ably reflecting a need for stromal or immune cell 
signals that are missing from organoid culture. 

Prior work (4, 15, 16, 28) established that 
the onset of lineage plasticity is accompanied 
by resistance to AR pathway inhibition, which 
we hypothesize to be a consequence of acquir- 
ing previously uncharacterized AR-independent 
cell states, including basal or mesenchymal 
lineages. Importantly, we also observed the 
converse—plasticity is initially driven by loss 
of tumor suppressor genes, and subsequently 
accelerated by AR pathway inhibition. The fact 
that lineage plasticity, which is initially re- 
sponsible for drug resistance, is exacerbated 
by further drug treatment has important med- 
ical implications. 

We searched for molecular drivers of plas- 
ticity by identifying therapy-induced gene pro- 
grams associated with early acquisition of our 
newly quantifiable high-plasticity state and dis- 
covered an unexpected, robust signature of 
JAK/STAT activation in both organoids and 
GEMMs. Other manifestations of plasticity 
such as EMT and NEPC likely evolve later, 
based on the temporal sequence observed in 
organoids as well as absence of JAK/STAT 
activation in the NEPC component of GEMM 
tumors and human NEPC samples. This obser- 
vation suggests an early “critical period” after 
the onset of plasticity, during which therapies 
might prevent, delay, or even reverse plasticity. 
Supporting this hypothesis, JAK (and FGFR) 
inhibitors restored expression of luminal mark- 
ers and decreased mesenchymal markers in 
mouse organoids and human PDOs, but only 
in those with increased JAK/STAT activation. 
These changes evolved over several weeks of 
treatment in the absence of growth inhibition, 
consistent with a lineage reprogramming mech- 
anism akin to differentiation therapy used in 
subclasses of acute myeloid leukemia (37, 38). 

By searching for autocrine loops associated 
with JAK/STAT activation, we discovered that 
FGFR signaling increases with the onset of 
plasticity in organoids, GEMMs, and human 
CRPC samples. Using a highly selective pan- 
FGFR inhibitor (Erda), we found (i) potent 
luminal lineage reprogramming in combina- 
tion with JAK inhibition (Rux) in mouse organ- 
oids and PDOs, perhaps due to cross-talk 
between these pathways and reprogramming 
transcription factors or chromatin modifiers; 
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and (ii) consistently reduced mesenchymal 
gene (VIM) expression in organoids after FGFR 
inhibition, independent of JAK/STAT activa- 
tion. This is consistent with FGFR’s role in 
tumors with an EMT phenotype, as proposed 
in AR’, SYP prostate cancer and in breast 
cancer (39). Importantly, the primary conse- 
quence of FGFR inhibition in PDOs with low 
JAK/STAT activation is growth inhibition, 
suggesting a dependency on FGFR for sur- 
vival, which is distinct from the lineage re- 
programming phenotype in PDOs with high 
JAK/STAT activation. Collectively, these find- 
ings suggest a therapeutic strategy by which 
CRPC patients with JAK/STAT-high, AR-low 
signaling [defined as stem-like by Tang e¢ al. 
(36)] would be candidates for combined JAK 
and FGFR inhibition in order to reprogram 
tumor cells to an AR-high luminal state and 
restore sensitivity to AR-targeted therapy. Those 
with increased FGFR signaling and no JAK/ 
STAT activation [defined as Wnt subtype by 
Tang et al. (36)] would also be candidates for 
FGFR inhibition to exploit F€4FR dependency 
for survival. Therapeutic timing is critical, as 
shown by cell-state heterogeneity within a 
single CRPC patient (or GEMM tumor) and 
absence of JAK/STAT activation in NEPC. These 
findings provide a rationale for molecular diag- 
nostic assays that could aid patient selection. 
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CORRELATED MATERIALS 


Systematic electronic structure in the cuprate parent 
state from quantum many-body simulations 


Zhi-Hao Cui, Huanchen Zhai, Xing Zhang, Garnet Kin-Lic Chan* 


The quantitative description of correlated electron materials remains a modern computational challenge. 
We demonstrate a numerical strategy to simulate correlated materials at the fully ab initio level 
beyond the solution of effective low-energy models and apply it to gain a detailed microscopic 
understanding across a family of cuprate superconducting materials in their parent undoped states. 
We uncover microscopic trends in the electron correlations and reveal the link between the material 
composition and magnetic energy scales through a many-body picture of excitation processes involving 
the buffer layers. Our work illustrates a path toward a quantitative and reliable understanding of 

more complex states of correlated materials at the ab initio many-body level. 


nN spite of our qualitative theoretical under- 
standing of many electronic phases of 
matter, there remains a deficit in the quan- 
titative understanding of correlated elec- 
tron materials (/, 2). This limits our ability 
to connect the atomic structure and compo- 
sition to the electronic phenomena, as well 
to answer fundamental physical questions 
related to microscopic mechanisms. 

Among correlated quantum materials, the 
high-temperature (T,) superconductors re- 
main a fertile source of new physics (3-6). We 
focus on the cuprates, where one finds the 
highest superconducting 7, in the mercury- 
barium cuprate family (7). Although progress 
has been made in understanding the univer- 
sal phase diagram through numerical calcu- 
lations on lattice models, the understanding 
of properties of individual compounds re- 
mains largely empirical, with substantial dif- 
ficulties in linking the observed trends to 
model parameters. 

In principle, a quantitative understanding 
is simply a matter of many-electron quantum 
mechanics, but solving the Schrédinger equa- 
tion beyond lattice models involves three chal- 
lenges: the quantum many-body correlations, 
the thermodynamic limit (TDL), and the high- 
energy degrees of freedom and long-range 
interactions of real materials. We adopt a 
pragmatic computational framework in which 
the challenges can be tackled simultaneously: 
solvers for the many-body problem beyond 
models (8, 9), self-consistent quantum embed- 
ding to develop phases in the TDL (0-12), 
and periodic quantum chemistry using local 
bases (13, 14) to efficiently treat long-range 
interactions and high-energy degrees of free- 
dom. Each component has been individually 
tested in prior work, but the principal feature 
of our combined strategy is that the solution 
process bypasses models with uncontrolled 
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parameters; the only remaining parameters 
are the size of the computational cell, the basis 
size, and the level of the many-body solver. 
Thus, all aspects of the calculation can in prin- 
ciple be controlled toward exactness. 

In this work, we describe the full application 
of this strategy to the simulation of a family of 
cuprates in their parent phase at zero temper- 
ature. Although the parent phase is qualita- 
tively simple, and elements of our framework 
have been used to understand exotic physics 
in simplified models (15), obtaining quantita- 
tive material systematics and functional rela- 
tionships even in the parent phase is a major 
challenge and serves as a litmus test of the 
promise of our overall strategy. Our detailed 
simulations improve the level of resolution 
of the electronic structure and enable us to 
uncover direct links between the material- 
specific physics and composition. 


Cuprates and the parent state 
Structure 


The main structural feature of the cuprates 
is the two-dimensional (2D) CuO, (formally 
[CuO.]* ) square lattice plane (Fig. 1A). In dif- 
ferent cuprates, the copper-oxygen plane is 
surrounded by different atoms and buffer 
layers in the vertical direction. We consider 
three specific compounds, in addition to layer- 
stacked idealized CuO, planes (geometries are 
provided in table S1). The first is infinite layer 
CaCuO, (CCO) (Fig. 1D), where calcium coun- 
terions intercalate between the CuO, planes in 
an infinitely repeating structure. CCO does not 
itself superconduct because of difficulties in 
doping the material. However, high T, are ob- 
served in the related mercury-barium cuprates 
(the Hg-Ba-Ca-Cu-O family). There, the CuO, 
plane is decorated by apical oxygens, which 
connect to buffers of Hg and Ba ions. Unlike 
in CCO, the buffer layers form large spacers 
between the copper-oxygen layers. Different 
mercury-barium cuprates can be synthesized 
with different numbers of CuO, planes be- 
tween each buffer layer, leading to single-layer 


cuprates, double-layer cuprates, and so on. 
We consider two members in this family: 
HgBa,CuO, (Hg-1201; single-layer, T, = 97 K) 
and HgBaygCaCu,0¢ (Hg-1212; double-layer, 
T. = 127 K). Hg-1201 exhibits distorted octa- 
hedral Cu-O coordination (two apical oxy- 
gens per Cu) (Fig. 1B), whereas each layer of 
Hg-1212 contains pyramidal Cu-O coordi- 
nation (one apical oxygen per Cu) (Fig. 1C). 
Hg-1201, Hg-1212, and CCO are compositionally 
related by replacing Hg-Ba-apical O layers 
with Ca layers. 


Parent state 


Unlike conventional superconductors, the 
parent state of the cuprates is an antiferro- 
magnetic (AFM) insulator with long-range 
order, resulting from the strong Cu d - d 
electron interaction. Typical Néel temper- 
atures for the AFM state range from about 
250 K (in Nd,CuO,) to 450 K (in YBagCugzO¢) 
(5), and only after doping does the ground 
state enter the superconducting phase. It is 
generally thought that the antiferromagnetism 
is to first order approximated by 2D nearest- 
neighbor (NN) Heisenberg-like physics. How- 
ever, the 2D NN Heisenberg model does not 
reproduce the dispersion of the experimental 
spin-wave spectrum, and questions remain as 
to the magnitude, sign, and material-specific 
origin of corrections to the NN picture. 

There have been many attempts to corre- 
late properties of the cuprates in the super- 
conducting phase (such as 7T,) with structure, 
composition, and band structure (16-21). How- 
ever, without a direct ability to simulate the 
material 7, with different parameters, dis- 
tinguishing correlation from causation is 
difficult. Although there has been less focus on 
correlating properties of the parent state with 
physical features, many proposals relate the 
high Néel temperatures and strong exchange 
coupling in the parent state to the supercon- 
ducting mechanism and other exotic physics 
under doping. We establish causal, quantitative 
relationships between the magnetic features of 
the parent state and the atomic-scale structural 
and electronic features of the materials. 


Theoretical techniques 
Strategy 


Previous numerical work on cuprate electron- 
ic structure [with a few exceptions, such as 
(22, 23)] falls in two classes: (i) ab initio all- 
electron simulations with a modest treat- 
ment of electron correlations (24-26), which 
are often used to derive low-energy effective 
models, and (ii) accurate many-body methods 
applied to low-energy effective models, to 
obtain phase diagrams and more exotic orders 
(27-33). 

Our strategy is to use families of methods 
associated with the model studies of (ii), but 
technologically elevated to the fully ab initio 
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Fig. 1. Structures and computational strategy. (A) [CuO2]* plane(s) 

in cuprates. (B to D) Relationship between single-layer Hg-1201 (HgBazCuO,), 
double-layer Hg-1212 (HgBazCaCuz06), and infinite layer CCO (CaCuOz). 

Ca layers replace the Hg-Ba-apical-O layers. (E) The ab initio density matrix 
embedding framework. The Hg-1212 lattice is divided into an impurity (for 
example, the 2 x 2 cell) with the environment replaced by a bath; the atoms 
are represented by local valence and virtual orbitals, and the impurity 


Hamiltonians of (i). This bypasses the ambi- 
guities of intermediate downfolded models 
while allowing correlated physics to emerge. 
The three numerical components are the quan- 
tum embedding, the ab initio all-electron in- 
frastructure, and the many-body solvers. Our 
technical setup uses density matrix embedding 
theory (DMET) to self-consistently embed a 
2 x 2 supercell (impurity) of the cuprate 
material within an all-electron description, and 
we solve the resulting embedded impurity 
with an ab initio many-body approximation 
[coupled cluster (CC) theory]. To do so feasibly 
and reliably relies on recent advances and 
techniques introduced in this work, such as a 
subimpurity formalism and improved DMET 
self-consistency algorithms for large impurities, 
improved ab initio matrix element generation, 
and careful solver benchmarking against a 
massively parallel ab initio density matrix 
renormalization group (DMRG) implemen- 
tation. Below, we describe the quantum em- 
bedding and many body solvers; the ab initio 
infrastructure is discussed in (34), section 1.1. 
The quantum embedding provides a frame- 
work for phases that emerge as a result of 
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interactions (35) and includes dynamical 
mean-field theory and its relations (36-38) 
and the DMET (39, 40) used in this work. We 
separate the material into an impurity region 
and a bath that describes fluctuations out 
of the impurity, and their self-consistency 
yields emergent phases. The embedding be- 
comes exact with increasing impurity size. 
In previous work on the one-band and three- 
band Hubbard models, DMET has been exten- 
sively benchmarked against other methods 
and, for example, accurately resolves exotic 
order in the underdoped region (15, 41). (The 
ability of DMET to capture exotic physics in 
doped lattices suggests a path from the ab 
initio studies of the parent state here to 
the physics of the doped materials.) To move 
beyond models to the ab initio physics, we 
start from our recently introduced all-electron, 
full-cell approach (10-12). In this work, the 
impurity is a supercell of the cuprate that con- 
tains all atoms and orbitals, with all quartic 
interactions between the orbitals. In contrast 
to downfolded approaches with a handful of 
impurity orbitals and possibly simplified in- 
teractions (37, 42), our largest impurity (in 


TV Ney 


problem is solved for the many-body wave function °°". (F) Correlation and 
finite size effects in the NN Heisenberg exchange coupling J;. We compare 

the exchange coupling (y axis) from a full-crystal CCSD calculation as a function 
of CCO crystal size [plane side-length in units of Cu atoms, noy (x axis)] in a 
small basis, to embedded calculations with two impurity sizes and two solvers, 
DMRG and CCSD. The embedded 2 x 2 impurity is already close to the TDL, and 
the DMRG and CCSD impurity solvers agree well in the smallest impurity. 


Hg-1212) contains 48 atoms and close to 
900 orbitals (Fig. 1E). These orbitals include 
many “virtual” bands, which capture quantita- 
tive electron correlation effects and screening. 
Part of the reason why these large impurities 
are feasible is the DMET formulation itself, 
which bypasses expensive frequency-dependent 
quantities. The other critical factors are the 
choice of solvers and the periodic quantum 
chemistry infrastructure based on local atomic 
basis sets, which compactly discretize the 
virtual bands for electron correlation [(34), 
section 1]. 

The quantum impurity problem in the full- 
cell approach is a many-body problem with 
hundreds of orbitals. This can be solved 
because many orbitals do not display strongly 
correlated physics. We use two impurity 
solvers in this work. We obtain the majority 
of the results using an ab initio CC singles 
and doubles (CCSD) (43) solver. Although 
approximate, they treat clusters of (arbitrar- 
ily) strongly correlated particles exactly and 
have previously been shown to yield accurate 
results in various quantum impurity problems 
(9-12, 44), particularly in ordered phases. To 
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Fig. 2. Charge, spin, and bond orders. (A to D) Charge c, magnetic moment 
m, and bond order b of different cuprates. Cu, yellow; O, red; Hg, violet; Ba, 
green; Ca, blue. Atomic sphere radius is the number of electrons n (local charge 
Z — nis labeled; Z, nuclear charge); arrow length indicates the magnitude of 


verify the accuracy of the CC approximation, 
we use a second solver, the quantum chemis- 
try DMRG (8, 45), to benchmark a subset of 
problems. 


Computational setup 


The 2 x 2 supercell impurities are shown 
in Fig. 1 for the different mercury-barium 
cuprates. In (34), section 2.1.5, we also discuss 
a benchmark study of lanthanum copper oxide. 
Every atom is represented in a valence double-¢ 
with polarization basis (def2-SVP) (46); for ex- 
ample, each Cu is represented by [5s3p2d1/] 
shells and each O by [3s2p1d] shells, and 
the embedding lattice is chosen to be an 8 x 
8 x 2 lattice of the primitive cell. Large 
impurities (such as in Hg-1212) were further 
fragmented into smaller subimpurities with 
up to 364 orbitals (280 impurity orbitals 
and 84 valence bath orbitals), and impurity 
solutions were obtained by using CCSD or 
DMRG. [Unless otherwise indicated, data 
are from the CCSD solver; DMRG data are 
in (34), section 2.1.4.] The DMET equations 
were then solved with self-consistency and 
valence-shell lattice-impurity density matrix 
fitting. 


Benchmarks 


Within the above strategy, the only sources of 
error are from the finite size of the impurity 
(and embedding lattice), the approximate 
nature of the impurity solver, and the finite 
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size of the local atomic basis. We carried out 
extensive benchmarking to verify the specific 
approximations. In Fig. 1F, we compare results 
from finite impurities to the TDL (which can 
be estimated from a full crystal calculation 
within a small local atomic basis) for the en- 
ergy difference between the ferromagnetic 
(FM) and the AFM state (proportional to the 
NN exchange coupling J;). We also show the 
deviation between this energy difference esti- 
mate from the DMRG and CCSD solvers in a 
small impurity where DMRG is tractable. Both 
sets of data illustrate that the TDL and many- 
body character of the physics are well cap- 
tured within the approximations in this work. 
Additional benchmarks (such as basis set con- 
vergence) can be found in (34), sections 2.1 and 
3.3 (figs. S4 and S5 and tables S15 to S18). 


Multiorbital electronic structure 


We start with general electronic trends across 
the series Hg-1201, Hg-1212, CCO, and [CuO.]” 
as a baseline to understand trends in the physics 
in later sections. 


Order parameters and bonding 


We first extract order parameters from 
the 2 x 2 computational supercell: charge, 
local moment, bond orders (from the off- 
diagonal elements of y;; = (aja), where i, j 
label local atomic orbitals in the cell), and 
the spin correlation function (S,,(0)S,(7)) mea- 
sured across the full crystal (Fig. 2, A to E). 


local moment m = n' - n‘; and bond width indicates the bond order b. 
(E) Spin-spin correlation function (S,(0)S,(r)) in CCO. (F) Cu orbital-resolved 
bond orders for various compounds. (G) Apical O orbital-resolved bond orders 
for Hg-1201 and Hg-1212. More details are available in (34), section 2.2. 


The key features are the following: (i) The 
ground state is AFM with long-range order, 
with the moment in the Cu half-filled 3d,2_,2 
orbital. Cu 48/49 occupancy reduces the total 
moment by about 10%. The unit cell moment 
ranges from 0.71 in Hg-1201 to 0.55 in [CuO.]*. 
(ii) Charge is transferred from in-plane O 
orbitals to the other ions, with the degree of 
transfer increasing across the series. There 
is significant charge transfer to the Cu 
minority spin orbitals (as much as 0.3 elec- 
trons in [CuO.]° ). (iii) Ca and Ba buffer atoms 
in CCO, Hg-1201, and Hg-1212 are ionic, with 
Hg covalently bonded to the apical oxygen 
through the O 2p.-Hg 6s, 5d,2 bonds. Hg-1201 
and Hg-1212 do not differ much with respect 
to the out-of-plane observables but do differ 
for their observables in the CuO, plane. (iv) In- 
plane o-bonding (Fig. 2F) is predominantly 
Cu 4p-O 2p and does not differ much across 
the compounds. However, Cu 3d-O 2p bonding 
and out-of-plane x bonding increase across 
the series, reflecting increasing in-plane 3d/4p 
hybridization. The change in bonding is not 
(solely) caused by the structural changes (for 
example, CCO and [CuO,]’" have the same Cu-O 
bond length but different bond orders) but 
instead reflect redistribution of charge from 
the buffer layers. (v) The apical oxygen bond 
order (Fig. 2G) decreases from Hg-1201 to 
Hg-1212, with the oxygen only weakly bound 
to Cu. Cu 4s and 4p, contribute to apical bond- 


ing, with little 3d.2 participation. 
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Fig. 3. Natural occupancy distribution (eigenvalues of the single-particle 
density matrix) and quasiparticle character. (A) Occupancy of natural 
orbitals around the Fermi level (dashed line), from the spin-traced density matrix 
(y* + y®) in Hg-1201, Hg-1212, and CCO. Orbital character is indicated with 
colors and labels. (B) Half-filling index of the different local orbitals (definition is 


Natural occupancy distributions and effects 

of correlation 

We obtain additional insight from the spin- 
resolved (y°) and spin-traced (y = }>,y°) 
single-particle density matrices (equal-time 
Green’s functions) evaluated in the full crystal. 
These provide nonlocal and k-space infor- 
mation on correlations. We first discuss the 
spin-traced single-particle density matrix. The 
eigenvalues (the natural occupancy distribu- 
tion, sometimes called the momentum distri- 
bution function) and eigenvectors (natural 
orbitals) illustrate the degree of symmetry 
breaking and highlight the important degrees 
of freedom near the Fermi level. The spin- 
traced natural occupancy distribution together 
with the projected atomic character of the 
eigenvectors is shown in Fig. 3, A and B. The 
most important orbitals near the Fermi level 
are the classic three-band orbitals: Cu 3d,2_, 
and O 2p,, 2p,. We also find no single next- 
most-important orbital; Cu 4s, 4p, 3d,2, and the 
apical oxygen and Hg orbitals all contribute to 
a similar degree. 

The spin-resolved natural occupancies and 
eigenvectors indirectly reflect the nature of 
the quasiparticles and the importance of dy- 
namical effects [discussion is available in (34), 
section 1.3.4]. The eigenvectors with natural 
occupancies closest to the jump across the 
Fermi level can be viewed as “pseudo”-valence 
band maximum (VBM)-conduction band min- 
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imum (CBM) states. Defined in this way, the 
pseudo-VBM is dominated by O 2p,.,), where- 
as the pseudo-CBM is dominated by Cu3d,2_, 
(and the apical O and Hg bands in the Hg-Ba 
compounds) (Fig. 3C). This classifies all the 
compounds as charge-transfer insulators. 
We further untangle the effect of interac- 
tions from pure single-particle physics by com- 
paring the spin-resolved natural occupancies 
of the correlated calculation with that of a 
spin-polarized Hartree-Fock (HF) reference. 
The correlated spin-resolved natural occu- 
pancies are all quite close to 0 and 1 (fig. S15), 
the mean-field values; thus, dynamical effects 
are small. However, the orbital components 
of the eigenvectors are very different between 
the mean-field and correlated distributions 
(Fig. 3C), indicating strong static effects. It ap- 
pears that in the AFM state the effect of inter- 
actions on the quasiparticles is mainly static 
rather than dynamical and can be captured 
largely through static screening of the interac- 
tions, correlation-driven rehybridization of the 
orbitals, and renormalization of their energies. 


Magnetic trends across the cuprates 


We next characterize the low-lying magnetic 
excitations across the series of cuprates. To 
do so compactly, we introduce a magnetic 
model (not to solve for the electronic struc- 
ture, but for interpretation) and extract 
exchange couplings from our correlated cal- 
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provided in eq. S50), measuring their importance in the most correlated orbitals of 
the calculation. (C) Orbital component analysis of the spin-resolved mean-field 

(HF) and correlated (DMET) top valence (V) and bottom conduction (C) bands of 
CCO at different k points (averaged from the eight bands near the Fermi level). 


T, (0, 0); X, (4,0); M, (3,4). 


culations of different spin configurations: the 
AFM state, the FM state, and a spin-density 
wave state (fig. $3). From these, we derive 
parameters for the NN Heisenberg model (J) 
and a multi-J Heisenberg model in which the 
exchange couplings Jj, Jo, Jz, and J, are related 
through the perturbation expansion of the 
one-band Hubbard model (with only three 
free parameters). [A aye model, in which J, 
is renormalized into the J;, Jo, Jz parameters, 
can also be derived. In CCO, we also derive an 
interlayer J, using two AFM layer configu- 
rations. A full discussion of all models and 
the spin-wave calculation is available in (34) 
section 1.5.2.] The parameters are illustrated in 
Fig. 4B and tabulated in tables S10 to S13. We 
display the corresponding spin-wave spectrum 
from linear spin wave theory in Fig. 4A. 


Spin-wave spectrum 


In CCO, the full experimental dispersion is 
available, whereas for Hg-1201 and Hg-1212, 
only part of the dispersion near the I point 
has been measured. As expected, the NN 
Heisenberg model does not capture disper- 
sion away from the I point; however, the 
derived NN J agrees well with that derived 
from experiment by fitting near the I point. 
For example, in CCO, the NN J fit to DMET 
data yields J = 155 meV, compared with J = 
142,158 meV (the two numbers are from dif- 
ferent experiments) (47, 48). The multi-J model 


9 SEPTEMBER 2022 * VOL 377 ISSUE 6611 1195 


RESEARCH | RESEARCH ARTICLES 


aw = 2— 
A e HF 1d ¢ HF multi-d = DMET 1J = DMET multi-J B Bho en) ag ie a CeO EU 
x B3LYP OHSE06 © PBEO 
ox © Expt. J, 
1.0 o 44 
ano +477%// 
TC vA 
= 0.8 
£ 300 
5 06 = > 
oO 2 oO 
5 2004 9 & 
S 04 = S 
> 
e 1 0.2 
0 0.0 


Fig. 4. Spin wave dispersion of Hg-1201, Hg-1212, and CCO. (A) The 2D magnetic Brillouin zone is sampled along T, (0, 0); X, (4, 0); R, (4, 3): kz is fixed at 0.46 to 
match the experimental conditions in CCO and fixed at O for Hg-1201 and Hg-1212. NN Heisenberg (1 J) and multi-J model curves are shown. The multi-J model 
includes a quantum renormalization factor of 1.219 (52). Experimental RIXS data are extracted from (49, 53) for Hg-1201 and Hg-1212 and (47) for CCO. (B) Trends in 
the multi-J model parameters across the cuprate family. Hybrid density functional (PBEO, HSEO6, and B3LYP) results for the first two Hg compounds are also 
shown with symbols. Details are available in (34), section 2.3. 
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Fig. 5. Effects of buffer layers. (A and B) Representative out-of-plane orbitals (isosurfaces) in (A) Hg-1201 and (B) CCO. (C) The effect of freezing fluctuations 
to out-of-plane orbitals on the NN magnetic coupling J; and cyclic exchange coupling J,. (D) Excitations relevant to exchange pathways in cuprates. (i) Superexchange is 
facilitated by excitations from in-plane oxygen orbitals to empty copper states; (ii) in Hg-1201, substantial excitations from the copper-oxygen plane to the buffer 
layer reduce superexchange. Double-excitation pathways (iii) and (iv) involving buffer layers are also shown. The numbers (A7;, AT») reflect the change in excitation 
weight upon unfreezing the buffer orbitals. (E) Influence of apical Cu-O distance on exchange coupling J, and J, at the mean-field (HF) and correlated (DMET) level. 


with ab initio parameters yields improved 
agreement across the experimental disper- 
sion, illustrating the importance of long-range 
exchange. The discrepancies are largest near 
the X point (4, +), likely owing to finite size 
effects in the embedding, although there are 
also confounding factors from the experi- 
mental setting in Hg-1201 and Hg-1212 [(34), 
section 2.3.5]. Compared with CCO, the Hg-Ba 
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compounds display flatter dispersions, and 
we capture this in our derived spin-wave 
spectrum. 


Magnetic parameters 


Trends in the magnetic couplings of the multi-J 
Heisenberg model among the four compounds 
are shown in Fig. 4B. Across the series Hg-1201, 
Hg-1212, CCO, CuO,””, all couplings 4, Jo, Js, 


and J, increase substantially. J; roughly 
doubles, and J, increases by a factor of 5, 
illustrating (i) the importance of the buffer 
layers in the long-range exchange coupling 
and (ii) the increasing “delocalization” across 
the series of compounds. A recent resonant 
inelastic x-ray scattering (RIXS) experiment 
(49) suggests that J; increases significantly 
(by about 20 to 30%) from the single-layer 
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Hg-1201 to the double-layer Hg-1212, which is 
similar to the increase in 7. We find quan- 
titative agreement with our correlated calcu- 
lations, in which Hg-1212 shows an increase in 
J, by about 18%. 


Effect of interactions 


To understand the effect of interactions, we 
can compare to the mean-field HF results. These 
give almost flat dispersion curves because 
the J couplings are very small (for example, 
J, ~ 40 meV), and the magnon energy at the 
T point is also lower than the experimental 
value. Thus, the observed magnetic energy 
scales require a careful treatment of electron 
correlations. As suggested above, a large part 
of the effect of interactions can be captured 
by a renormalization of the low-energy band 
structure and interaction. Choosing a density 
functional treatment or Hubbard U parameter 
can mimic this; however, we do not find that 
a single choice of functional or Hubbard U 
consistently or accurately reproduces the 
material trends. For example, moving from 
Hg-1201 to Hg-1212 should yield a substantial 
increase in the exchange couplings, but J, 
decreases with the B3LYP functional and 
increases only marginally with HSE06 (5%) 
and PBEO (6%) (Fig. 4B, symbol data). In ad- 
dition, J; is overestimated by all of the above 
functionals. 


Untangling layer effects 


We now connect the microscopic correlated 
electronic structure with the trends in the 
magnetic physics observed above to derive 
mechanistic insights. Changing the buffer 
layer leads to large changes in the exchange 
couplings (particularly for the nonlocal terms). 
However, this effect does not appear at the HF 
mean-field level. To verify that it is caused 
by fluctuations (electron correlations) cou- 
pling the CuO, plane with the buffer layers 
(and not simply the effect of the electrostatic 
potential of the buffer layer on electron corre- 
lation within the cuprate plane), we devise a 
procedure that allows us to switch electron 
correlation with the buffer layer orbitals on 
and off. To do so, we explicitly freeze excitations 
involving out-of-plane orbitals in the corre- 
lated impurity solver calculations (the im- 
purity wave function excludes particle-hole 
excitations from the HF determinant involy- 
ing out-of-plane orbitals) [(34), section 2.4.1]. 
Any changes from freezing and unfreezing 
these fluctuations therefore directly reflect 
the influence of electron correlation with the 
orbitals of the buffer plane. 

Representative out-of-plane orbitals of 
Hg-1201 and CCO are shown in Fig. 5, A and B. 
The out-of-plane impurity orbitals consist of 
empty outer valence shells on Ca, Hg, and Ba 
apical oxygen orbitals and other orbitals that 
originate from the adjacent copper-oxygen 
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plane. The Ca- and Ba-centered localized orbitals 
(4s and 6s) are similar in CCO and Hg-1201. 
The changes in the J; and J, from unfreezing 
the out-of-layer orbitals are shown in Fig. 5C. 
In both compounds, the exchange coup]- 
ings are decreased by freezing, but in CCO, 
the effect is stronger, and J, is especially 
strongly influence by freezing, decreasing by 
as much as 71% in CCO. To understand this, 
we analyze the correlated impurity wave 
functions in CCO and Hg-1201. Shown in Fig. 
5D are the changes in the weights of single- 
particle excitations AT, and connected two- 
particle excitations AT, upon unfreezing the 
buffer layer in the two compounds. Generally 
speaking, when the buffer layer is unfrozen, 
the increased excitation manifold increases 
screening and decreases the energetic penalty 
to excite from filled to empty states, such as 
the empty Cu and buffer-layer states. In CCO 
and Hg-1201, we find that this increases the 
O — Cu excitation associated with super- 
exchange [Fig. 5D, process (i)], increasing the 
exchange couplings. However, in Hg-1201, we 
see in addition a significant increase in exci- 
tations from in-plane Cu, O orbitals to the 
empty Hg, apical O states [Fig. 5D, process 
(ii)]. This change in the copper plane to buffer 
excitation is more than twice as large in 
Hg-1201 as in CCO, and it depletes the ground 
configuration associated with in-plane exchange 
and reduces the effective nonlocal hopping 
by rehybridizing the Cu empty states (16), can- 
celing the enhancement of in-plane O —> Cu 
excitations and yielding an aggregate small 
change in exchange coupling upon unfreezing 
the buffer orbitals [(34), section 2.4.2]. This 
also explains why the exchange couplings of 
Hg-1212 lie in between those of Hg-1201 and 
CCO: The buffer suppression of in-plane super- 
exchange occurs through a single buffer layer 
in Hg-1212 versus two on either side in Hg-1201. 
The analysis also reveals (smaller) differences 
between the compounds in the connected two- 
particle fluctuations involving the buffer [Fig. 
5D, processes (iii) and (iv)]; these are material- 
specific effects that cannot be folded into a 
static renormalization. Last, in Fig. 5E we 
show the effect on the exchange coupling of 
increasing the apical oxygen distance in 
Hg-1201, both at the mean-field level and at 
the correlated level. Consistent with the above 
mechanism, we find that increasing apical 
oxygen distance removes the buffer suppression 
effect in the correlated calculation (increasing 
the exchange coupling) but makes little differ- 
ence in the mean-field calculation because fluc- 
tuations must first renormalize the energies of 
the empty states for them to be accessible. 


Discussion 


We have demonstrated that through a nu- 
merical strategy that combines quantum 
embedding, ab initio quantum solvers, and 


periodic quantum chemistry, we can determine 
material-specific correlated electron structure 
in the parent state of the cuprates at the many- 
body level. This reveals trends in the multi- 
orbital bonding and correlation effects in the 
Fermi distribution and quasiparticles and gives 
a quantitative description of the low-energy 
magnetic excitations. Across a series of homol- 
ogous mercury-barium and calcium cuprates, 
the systematic trends in the nature of the 
magnetic exchange can be explained through 
the analysis of the many-body state, which un- 
covers a competition between superexchange 
and plane-to-buffer excitation processes. 

A general observation is that although the 
interactions are strong, many of their effects in 
the parent state can be renormalized into a 
static low-energy theory. This supports the 
long-standing practice of interpreting physics 
in this region through simple band structures 
and static interaction parameters. However, 
we also find that empirical approaches to 
determine this renormalization do not have 
the accuracy to capture the trends among the 
materials, unlike the controlled many-body 
approaches used here. 

A strength of the many-body approach is 
that we can interrogate individual electronic 
processes, and our ab initio formulation allows 
us to trace these processes beyond models to 
the individual atomic orbital level. We used 
this capability to untangle the links between 
layer composition and magnetic exchange. 
In prescient work, it was conjectured that the 
range of magnetic exchange is related to elec- 
tronic processes involving an effective apical 
conduction band and that this further corre- 
lates with the superconducting transition tem- 
perature (J6). We now have a direct picture 
of the first part of this conjecture, with rich 
atomic-scale and many-body resolution. 

Components of the numerical strategy in 
this work have previously been used to de- 
scribe exotic phases in models. The success 
of the current ab initio realization for cuprate 
parent states thus gives hope that a similar 
approach may eventually yield a quantitative 
picture of more complex cuprate phases. If 
that is the case, we may be able to answer the 
second part of the above and similar con- 
jectures about superconducting properties, 
through a direct ab initio simulation of the 
superconducting orders and the energy scales 
of the cuprates in their doped states. 
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MESOSCOPIC PHYSICS 


Isolated ballistic non-abelian interface channel 


Bivas Dutta’, Vladimir Umansky’, Mitali Banerjee”, Moty Heiblum™* 


The topological order of a quantum Hall state is mirrored by the gapless edge modes owing to bulk-edge 
correspondence. The state at the filling of v = 5/2, predicted to host non-abelian anyons, supports a 
variety of edge modes (integer, fractional, neutral). To ensure thermal equilibration between the 

edge modes and thus accurately determine the state’s nature, it is advantageous to isolate the fractional 
channel (1/2 and neutral modes). In this study, we gapped out the integer modes by interfacing the 

v = 5/2 state with integer states v = 2 and v = 3 and measured the thermal conductance of the isolated- 
interface channel. Our measured half-quantized thermal conductance confirms the non-abelian nature 
of the v = 5/2 state and its particle-hole Pfaffian topological order. Such an isolated channel may 


be more amenable to braiding experiments. 


he fractional quantum Hall effect har- 

bors fractionally charged quasiparticles 

localized in the two-dimensional (2D) 

bulk, surrounded by gapless chiral edge 

modes at the periphery (7). Laughlin’s 
states and their particle-hole conjugated states 
are abelian (7). In higher Landau levels, exotic 
non-abelian states are expected. When the 
bulk hosts a large number of well-separated 
quasiparticles, the ground state is highly de- 
generate (2, 3). A proposed state that hosts 
such exotic quasiparticles is the v = 5/2 state, 
which supports gapless edge modes: two in- 
teger modes (v = 2), a fractional mode (v = 1/2), 
and neutral Majorana modes (their number 
and chirality depend on the state’s topological 
order). To capture the nature of the state, we 
recently employed thermal conductance (Gy) 
measurements (4) of the edge modes, which are 
sensitive to all energy-carrying modes (charged 
and neutral alike). If all edge modes are fully 
thermally equilibrated, the measured Gj, cor- 
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Rehovot 76100, Israel. “Institute of Physics, Faculté of Basic 
Sciences, Ecole Polytechnique Fédérale de Lausanne, 1015 
Lausanne, Switzerland. 

*Corresponding author. Email: moty.heiblum@weizmann.ac.il 


responds to a vital topological invariant that 
dictates the state’s topological order. 

We start by recapping the rationale for mea- 
suring the thermal conductance. In the abe- 
lian regime, with fully equilibrated downstream 
(DS) and upstream (US) modes, the two- 
terminal thermal conductance is given by Gin = 
|Nq — NylkoT, Where Ko = 17kp”/3h is the quan- 
tum of thermal conductance, Xz is the Boltzmann 
constant, / is Planck’s constant, T is temper- 
ature, and mg (m,) is the number of down- 
stream (upstream) edge modes. However, in 
a complete absence of thermal equilibration, 
one expects Gin = (%q + Ny)KoT (5). In the non- 
abelian regime, G, is a fractional multiple 
of kgT, originating from the fractional nature 
of the chiral central charge (6). With the assump- 
tion of full thermal equilibration among the 
multiple modes of the v = 5/2 state, we experi- 
mentally found Ks). = 2.5Ko (4), suggesting 
the particle-hole Pfaffian (PH-Pf) topological 
order. This result disagrees with numerical cal- 
culations (7-22). 

In this work, we used a technique introduced 
in (23) to interface the v = 5/2 state with the v = 2 
or v = 3 states. The resulting v = 1/2 isolated 
interface channel is composed of neutral mode(s) 
tied with the v = 1/2 charge mode. The simpler 
structure of the isolated channel (without the 
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integer modes) eases considerably the inter- 
mode thermal equilibration (4). Our measured 
upstream noise of the interface channel, done 
in the thermally unequilibrated regime (23), 
made it possible to distinguish between the 
suggested topological orders, however, sponta- 
neous edge reconstruction might add ambiguity. 
Here, measuring the thermal conductance co- 
efficient of the interface channel in the fully 
thermally equilibrated regime, and finding 
Kj/2 = 0.59, We prove the bulk’s non-abelian 
nature and reaffirm its PH-Pf topological order 
(4, 23). The isolated 1/2 channel, with its chiral 
neutral Majorana mode, is an excellent candi- 
date for future interference experiments (i.e., 
braiding). 

Molecular beam epitaxy (MBE)-grown high- 
quality GaAs-AlGaAs heterostructures, with 
shallow-DX-center doping (24), allow hysteresis- 
free gating and feature negligible heat conduc- 
tance of the bulk (at millikelvin temperatures) 
(23). This doping method leads to higher dis- 
order than in the conventional short-period 
superlattice doping technique (4, 24, 25). Our 
experimental setup containing a “two-arm” 
structure is shown in Fig. 1A. The inner gates 
(beige) and the outer ones (violet) tune the 
filling factor of each of the corresponding 
bulks in the sample. The gates are separated 
from the sample by a 25-nm-thick HfO, layer 
[for more details, see section II of the supple- 


mentary text (26)]. Gate voltage in the range 
-15 V < V; < +0.3 V allows varying the elec- 
tron density from pinch-off to 3 x 10" cm 
(fig. S1), controlling the filling factor over a 
wide range. The interface modes between 
the two bulks split when leaving the floating 
ohmic contact (20 um by 2 um, shown in red), 
into the two arms. This contact serves as a 
heated reservoir. Large ohmic contacts [source 
(S), drain (D), and ground (G), shown in cyan] 
are placed at the interfaces; separate contacts, 
located at the physical edge of the mesa (not 
shown), probe the filling factor of each of the 
respective bulks. 

Current Js injected from S toward the float- 
ing contact, carrying power Ps = iIgRs, dissi- 
pates a power AP = /J3Rs in the contact (Rg is 
the resistance of the interface channel). Figure 
1B provides a schematic representation of the 
heat balance in the floating contact at the in- 
terface. The heat leaving the contact is composed 
of a phononic contribution AP,, = B(T?, — T3) 
and an electronic contribution AP. = 0.5K (T?2,— 
T?), where 7,,, is the temperature of the float- 
ing contact and 7 is the base temperature, 
with AP = APy», + AP, at equilibrium. For our 
small reservoir, the phononic contribution is 
negligible at temperatures T,, < 20 mK. The 
temperature T,, is determined by measuring the 
low-frequency Johnson-Nyquist (J-N) noise at 
the drain contact D, which is placed ~160 um 


AP ph 


Fig. 1. The experimental setup used to measure the interface thermal conductance. (A) False colored 
scanning electron micrograph of the heart of the device. Two biased top gates, the inner gate (Vg;,, beige) 

and the outer gate (Vgout, violet), divide the 2D electron gas (2DEG) mesa into two gate-defined arms. A small 
floating ohmic contact (red; dimensions: 20 um by 2 um) connects the two arms. Large contacts (S, D, 

and G, in cyan) probe the interface filling. Added ohmic contacts at the edge of the mesa (not shown) probe the 
filling of the respective sides. The floating contact is heated to T,, by an injecting current Is from S. Its temperature 
is determined by measuring the low-frequency Johnson-Nyquist noise at 630 kHz (LC bandwidth: 10 to 30 KHz) 
after amplification by a cooled preamplifier (at 4.2 K) followed by a room-temperature amplifier. Arrows indicate the 
interface modes at the 5/2-3 interface as an example (see Fig. 4). (B) Schematic representation of heat balance in 
the floating contact, with the same color coding as in (A), showing only a zoomed-in part of the interface along 
the downstream direction. An injected current dissipates power AP, which is evacuated by two main channels: the 
phononic channel AP, and the electronic channel AP.. The cold reservoir contact G is at temperature To. Because of 
the small volume of the floating contact, the phononic contribution is negligible at low temperatures. 
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away along the downstream direction, in one of 
the two arms [see section III of the supplemen- 
tary text (26)]. The noise is filtered by a reso- 
nant circuit (resonance frequency: 630 kHz; 
bandwidth: 10 to 30 kHz) and amplified by a 
low-noise cold voltage preamplifier (placed on 
the 4.2 K plate) followed by a room-temperature 
amplifier. 

In general, our experimental strategy is to 
tune the inner regions to the “tested” state v;, 
(e.g., 5/2) and the outer regions to an integer 
state Vou (€.g., 0, 1, 2, 3), leading to an inter- 
face filling Vint = Vin - Vout (the nomenclature 
“Vin — Vout” iS used in all figures). Note that 
the chirality of the interface charge mode re- 
verses when the interfacing condition changes 
from Vin > Vout tO Vin < Vout- Owing to a single 
amplifier located downstream, the magnetic 
field was reversed between the latter two 
cases [see section III of the supplementary 
text (26)]. 

We start with measurements of the inter- 
face modes formed in the configurations 3-2, 
3-1, and 3-0. The two-terminal S-D resistance, 
Rg, exhibits quantized plateaus as a function of 
the gate voltage, h/e”, h/2e”, and h/3e”, with the 
expected thermal conductances 1ko97; 2K97, and 
301, respectively (27, 28). In these chiral con- 
figurations, the downstream modes are ther- 
mally equilibrated right from the start at the 
reservoir temperature 7,,. The latter is deter- 
mined by the measured J-N noise, S,,, at the 
drain [Fig. 2, A and B, and section V of the sup- 
plementary text (26)]. We analyzed the data 
in two ways: (i) by fitting the linear electronic 
contribution, AP versus Te for T,, < 18 mK, 
finding the thermal conductance of the inter- 
face K = 1kp, 2K 9, and 39, for the three con- 
figurations, respectively (Fig. 2C); and (ii) by 
fitting the data for T,, < 30 mK (Fig. 2D), which 
reflects the electronic and phononic contri- 
butions. Using B = 5 x 10°W K™, a similar 
quantization of the thermal conductance is 
found (4). 

Interfacing the fillings v = 7/3, 5/2, and 8/3 
with v = 2 and v = 3 leads to the source re- 
sistance shown in Fig. 3A. Well-quantized 
resistance plateaus indicate full charge equil- 
ibration at the interface. We start with the v = 
7/3 and v = 8/3 abelian states. Interfacing these 
two states with v = 2 results in an effective 
mode filling of v = 1/3 for 7/3-2 and v = 2/3 for 
8/3-2 (the latter is accompanied by an up- 
stream neutral mode). The chirality at the 
interface is reversed when these states are 
interfaced with v = 3; with v = 2/3 charge 
channel for 7/3-3 and v = 1/3 mode for 8/3-3. 
The measured two-terminal interface thermal 
conductance for each of these four cases is 
shown in Fig. 3, B and C. The results agree 
with good accuracy with the theoretical expec- 
tations (4). 

The v = 5/2 state may host different topo- 
logical orders, with each having a different 
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mode structure and a different thermal con- 
ductance (29). Here, we consider two compet- 
ing candidates: particle-hole Pfaffian (PH-Pf) 
and anti-Pfaffian (A-Pf). For a discussion of 
other possible orders, see section VI of the 
supplementary text (26). Both orders sup- 
port counterpropagating modes at the bare 
edge of the sample, namely, the 5/2-0 config- 
uration (Fig. 4, A and B). Here, v = 0 reflects 
the outside vacuum. Aside from two down- 
stream integer charge modes and a v = 1/2 
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charge mode, the PH-Pf order supports an 
upstream Majorana mode, whereas the A-Pf 
order supports three upstream Majorana 
modes (two Majorana modes form a single 
bosonic neutral mode). For PH-Pf, this leads 
to a thermal conductance of 2.5«97 for all 
thermally equilibrated modes and 3.5 97 for 
thermally unequilibrated modes; for A-Pf, the 
values are 1.597 for thermally equilibrated 
and 4.5«97 for thermally unequilibrated. Thus, 
with counterpropagating modes, an accurate 


Fig. 2. Noise, temperature, and dissipation at 
integer interfaces. (A) Excess Johnson-Nyquist 
noise Sy, as a function of heating current I; for the 
three integer interfaces, 3-2 (orange), 3-1 (blue), and 
3-0 (green), at To = 11 mK. (B) Calculated temper- 
ature T,, as a function of the dissipated power 

AP = 0.2512 Rs, where Rg is the interface-mode 
resistance, for the three different configurations 
[see section V of the supplementary text (26)]. 
(C) Dissipated power as a function of squared 
temperature in the range T,, < 18 mK. The thermal 
conductance K is determined from the slope, via 
AP = 1K(T@ — Té) and indicated in the figure. 
(D) Dissipated power as a function of temperature in 
the range T,, < 30 mK. Here, phonon contribution 
is included via AP = 4K(T2, — T5) + B(T?, — TB), 
with electron-phonon coupling constant B = 5 x 10° 
W K °°: the extracted values of K are indicated 

in the figure. 


Fig. 3. Interface resistance and thermal conduc- 
tance of states in the second Landau level. (A) Two 
terminal interface-mode resistance of 7/3-2 and 

-3, 5/2-2 and -3, and 8/3-2 and -3. Accurate quantized 
plateaus indicate full charge equilibration at the 
interface. The peaks and dips are attributed to reentrant 
effects (30). (B) Determination of the thermal conductance 
for T, < 18 mK, as was done in Fig. 2. The slope for 
7/3-2 is close to unity, as expected for the 1/3 
interface mode. The slope for 7/3-3 is 0.37, not zero, 
owing to the well-known lack of equilibration of the 
resultant 2/3 mode (27). (C) Similar data as in (B), at 
different interfacing conditions with v = 8/3. 


determination of the topological order on the 
basis of thermal conductance requires a full 
thermal equilibration between all modes. 
Figure 4, A to F, presents different config- 
urations: 5/2-0, 5/2-1, and 5/2-2. As shown in 
the figures, the expected thermal conductance 
of the two competing orders may overlap when 
considering the range from a full thermal equil- 
ibration to no equilibration. However, interfacing 
5/2-3 clearly distinguishes between the topo- 
logical orders (Fig. 4, G and H). In an A-Pf 


science.org SCIENCE 


RESEARCH | REPORTS 


Fig. 4. Thermal con- 
ductance of the 5/2-n 
interfaces. (A to H) 
Plots of the interface 
modes of the interfaced 
PH-Pf and the A-Pf 
orders with different 
integers and the 
expected thermal con- 
ductance in each case. 
Fully equilibrated 

value in light blue and 
unequilibrated value in 
red. The double-line 
arrow indicates an inte- 
ger mode, the single-line 
arrow indicates the 1/2 
charge mode, and the 
dashed-line arrow indi- 
cates the Majorana mode. 
Clockwise chirality is indi- 
cated by the circled 
arrow. (I to L) Plots of the 
dissipated power as a 
function of the squared 
temperature with linear 
fits as in Figs. 2 and 3, for 
all four 5/2 interfaces. 
The extracted thermal 
conductance values, 

in particular for 5/2-3, 
unambiguously exclude 
the A-Pf topological 
order [see (G) and (H)] 
and agrees (with small 
estimated errors) with the 
Ph-Pf topological order. 


order, the interface channel supports two 
co-propagating modes, which leave the hot 
reservoir at the same temperature, 7, (hence, 
equilibrated), leading to a thermal conduc- 
tance of 1.5«97. By contrast, the PH-Pf order 
supports an interface channel with counter- 
propagating charge and Majorana mode, lead- 
ing to thermal conductance in the range 0.5«9T 
to L5koT: 

In Fig. 4, I to L, we present the measure- 
ment results of AP versus T? for the four 5/2 
interfaces: 5/2-0, 5/2-1, 5/2-2, and 5/2-3. The 
measured thermal conductances are (2.55 + 
0.07)KoT, (1.53 + 0.04)koT, (0.55 + 0.02)K oT, 
and (0.53 + 0.02)ko7, respectively. These re- 
sults, especially for the decisive 5/2-3 interface, 
rule out the A-Pf order and support the PH-Pf 
order (Fig. 4, A to H). Notably, the observed 1/2- 
quanta thermal conductance of the isolated 1/2- 
channel at the 5/2-3 interface establishes the 
non-abelian nature of the bulk. 
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The v = 5/2 state has been attracting wide- 
spread attention owing to growing expectations 
of realizing non-abelian anyons in condensed 
matter systems. Here, we exploit the interfacing 
method introduced in (23), which allows mea- 
suring the thermal conductance of an emergent 
interface channel at the interface between two 
adjacent quantum Hall states (v = 5/2 and 
integers v = 2 and v = 3). The advantage of the 
interfacing method lies in the simplification of 
equilibration among the remaining modes, pro- 
viding a direct determination of the non-abelian 
nature of the bulk, along with a clear distinction 
between competing orders of the v = 5/2 state. 
The isolated 1/2-channel is amenable to inter- 
ference experiments, which could test its ro- 
bustness against decoherence mechanisms [see 
section IX of the supplementary text (26)]. 
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EL NINO 


EI Nifio frequency threshold controls coastal 


biotic communities 


Jack M. Broughton", Brian F. Codding’, J. Tyler Faith’, Kathryn A. Mohlenhoff*, Ruth Gruhn®, 


Joan Brenner-Coltrain’, Isaac A. Hart>® 


El Nifio has profound influences on ecosystem dynamics. However, we know little about how it 
shapes vertebrate faunal community composition over centennial time scales, and this limits our 
ability to forecast change under projections of future El Nifio events. On the basis of correlations 
between geological records of past El Nifio frequency and the species composition of bird 

and fish remains from a Baja California bone deposit that spans the past 12,000 years, we 
documented marked faunal restructuring when major El Nifio events occurred more than five 
times per century. This tipping point has implications for the past and future ecology of eastern 


Pacific coastal environments. 


he El Nifio/Southern Oscillation (ENSO) 
is a major source of global climatic var- 
iability. It is best known for its “El Nifio” 
phase that is characterized by warm 
eastern Pacific sea surface temperature 
(SST), intense winter storm activity, and heavy 
precipitation. Based primarily on data and 
observations from ENSO variability over the 
past ~100 years, this climate system is widely 
recognized to have profound influences on 
marine and terrestrial ecosystem dynamics, 
drought, wildfire, energy and water use, as 
well as human health and global economies 
(7-3). Although of enormous value, instru- 
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mental records do not extend beyond the past 
century and are therefore limited by the mod- 
ern range of variation. We thus have little 
knowledge about how El Nino frequency and 
intensity drive shifts in marine and terrestrial 
biotic community composition over centennial 
or millennial time scales. This gap precludes 
our ability to forecast long-term changes in 
biotic communities under future El Nifo var- 
iation scenarios (4). We address this here by 
demonstrating how centennial-scale marine 
and terrestrial vertebrate community compo- 
sition in Baja California varied over the past 
12,000 years in relation to El Nifio frequency 
variation as reconstructed from a high-elevation 
South American lake. The analysis reveals an 
El Nifio frequency threshold beyond which 
faunas undergo substantial community shifts. 
This record is derived from a mixed archaeo- 
logical and raptor deposit from the coastal cave 
site of Abrigo de los Escorpiones (hereafter, 
Escorpiones). 

El Nifio events vary widely in their magni- 
tude, intensity, duration, and geographic reach 


(2, 3), initiating complex biotic community- 
level and species-specific responses (5-15) in 
modern vertebrate faunas from many areas of 
the eastern Pacific. For example, in the region 
adjacent to the California Current System, en- 
hanced precipitation and primary productivity 
associated with El Nifio have been causally 
linked to expanding population densities of 
many terrestrial bird and mammal species 
(5-8). By contrast, El Nino typically has neg- 
ative impacts on many regional marine fishes 
(9, 10), marine mammals (11, 1/4), and seabirds 
(72, 13). When high SST prevails during El Nino 
years, phytoplankton and zooplankton con- 
centrations decline (75), leading to shifting 
distributional patterns and depressed popula- 
tions of many fish taxa and a range of effects 
on seabirds and marine mammals, including 
range changes and declines in breeding 
productivity, reproductive success, and local 
abundance. In addition, high-energy storms 
associated with E] Nino have strong negative 
impacts on nearshore kelp forests that harbor 
diverse vertebrate faunas (9, 10). ENSO is 
thus a well-known modern driver of biophysical 
interactions, but its long-term influence on 
past faunal community composition is not 
well known outside of coastal Peru (3). 

The Escorpiones site is located on the north- 
west coast of Baja California, Mexico. The site 
is situated beneath a cliff face topped with 
prominent raptor perches ~100 m from the 
Pacific coast and contains an ~5-m-deep strat- 
ified shell midden mixed with raptor deposits 
(Fig. 1 and fig. S1) (16). Excavation of the site 
produced numerous artifacts of stone, bone, 
and shell (fig. S2) and a massive faunal assem- 
blage, with 97 radiocarbon dates on charcoal 
and bone forming the basis of a robust depo- 
sitional chronology that reveals a 12,000-year 
history of human and raptor deposition (table 
S1). This dating effort is comparable to the 
highest-resolution (dates/millennium) late 


Fig. 1. Location and interior view of Escorpiones. The excavated portion is at the base of the crater face (top, center). 
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Quaternary vertebrate sequences in North 
America (17, 18). 

A total of 18,623 identified marine fish and 
marine and terrestrial bird specimens repre- 
senting 132 taxa are the focus of this study 
(tables S2 to S8 and figs. S3 to S5). To address 
how past El Nifio influenced this fauna, we 
draw upon the Lake Pallcacocha (Ecuador) 
sediment core, one of the most widely applied, 
continuous late Quaternary, eastern Pacific 
proxy records of paleo-ENSO (19). Variation 
in the thickness of clastic laminae deposited 
in this glacial lake basin provides a high- 
resolution record of moderate-to-strong pre- 
historic, high-precipitation events (in 100-year 
intervals) linked to El Nino frequency that is 
based on strong correlations with instrumental 
and historical records of these events over the 
past 200 years. This sequence is consistent with 
other proxy data and modeling results for 
paleo-ENSO for the northeastern Pacific (20, 21), 
including previously documented covariation 
with the abundance of mesic rabbit and hare 
(Lagomorpha) fauna from Escorpiones (22). 
The Pallcacocha record indicates a near ab- 
sence of ENSO during the early Holocene [11.0 
to 7.0 thousand years ago (Ka)], with a substan- 
tial increase occurring between ~7.0 to 5.0 ka 
[Fig. 2 A and fig. S7 (79)] that continues through 
much of the late Holocene before declining 
from 1.2 ka to the present. From the radio- 
carbon ages, age-depth models were created 
[figs. S9 to S11 (22, 23)] to assign faunal ma- 
terials to 100-year units to align them to this 
proxy for paleo-ENSO. 

On the basis of the influence of ENSO on 
modern birds of the California Current Sys- 
tem, we expect that high El Nifo frequency 
in the past negatively affected marine taxa 
but enhanced the productivity of terrestrial 
faunas. Among the fishes, we expect the fre- 
quency of fish taxa associated with produc- 
tive kelp forest habitats, or those that have 
low resiliency to ENSO-based habitat distur- 
bance [i.e., kelp bass (Paralabrax clathratus) 
and rockfish (Sebastes spp.)], to have declined 
relative to nearshore habitat generalists such 
as surfperch (Embiotocidae). These trends are 
each clearly apparent in the Escorpiones record 
when abundance indices for these groups are 
plotted by the 100-year time bins across the 
history of the site (Fig. 2, B and C). The inverse 
relationships between the faunal indices and 
El Nifio frequency suggest that the latter had 
a substantial influence on past faunas in ways 
consistent with their ecological characteristics. 

To further explore the response of past 
faunal communities to ENSO, we performed 
dimensional reduction analyses [detrended 
correspondence analysis (DCA) (24)] for the 
bird and fish taxonomic abundance data 
(tables S6 and S7). We used this ordination 
technique because the primary axes of the 
DCAs summarize dominant changes in fau- 
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nal composition, facilitating the interpreta- 
tion of all identified specimens from the 130+ 
taxa represented. We investigated how DCA 
primary axis scores vary with taxa-specific 
indices using generalized linear models. To 
quantitatively evaluate how the bird and fish 
assemblages captured by the DCA primary 
axis scores vary as a function of El Nino fre- 
quency, we constructed multivariate gener- 
alized additive mixed models (25) and included 
El] Nino frequency as a smoothed term. The 
models account for the depositing agent (hu- 
mans or raptors) by including artifact counts 
(a relative index of human activity) as a co- 
variate, for differences in sample size by weight- 
ing each value by the mean normalized faunal 
sample size per temporal bin, and for temporal 
autocorrelation by including an autoregressive 
correlation structure of order 1 (corARI1; figs. 
S13 and S14 and table S9). This allowed us 
to isolate the influence of El Nifo frequency 
on faunal composition. The models specify a 
Poisson distribution with a log-link and quasi- 
likelihood estimation, with term smooths 
selected using restricted maximum likelihood. 
To identify thresholds in the effect of El Nifio 
frequency on community structure, we exam- 
ined the first derivatives of the model fits. 

The DCA axis scores for the bird and fish 
assemblages are highly correlated with the 
relative abundance of marine and terrestrial 
birds (77, = 0.86; P < 0.0001) and the fre- 
quency of fishes with low resilience to ENSO 
(r°, = 0.77; P < 0.0001), respectively. It follows 
that the change observed for the two faunal 
abundance indices (Fig. 2, B and C) mirror 
broader changes in faunal composition ob- 
served across the sequence (Fig. 2, D and E). 
The two DCA axis scores show nearly identi- 
cal variation over the 12.0 thousand year se- 
quence, with much of it occurring before the 
onset of a high El Nifio frequency and var- 
iance phase at ~7.0 to 5.0 ka. However, when 
El Nifio enters this phase, faunal composition 
undergoes substantial reorganization and, un- 
expectedly, remains relatively stable across 
most of the remainder of the sequence. 

This trend is further clarified by direct 
comparisons of El Nifio frequency with both 


Fig. 2. Trends through time in El Nifio frequency 
(events per century) and faunal composition 

at Escorpiones fit with a smoothing spline. 

(A) El Nifio frequency [from (19)]. (B) Marine 
birds = $> marine birds/$> (marine + terrestrial 
birds). (C) Kelp bass-rockfish = 5> (kelp bass + 
rockfish/S> (kelp bass + rockfish + surfperch). 

(D) Primary DCA axis scores for the bird assem- 
blage. (E) Primary DCA axis scores for the fish 
assemblage. Points are colored by EI Nifio frequency 
(red, high; blue, low). Point sizes for (B) to (E) 
correspond to the relative faunal sample sizes. 


ao 
1.0 


10 15 20 25 30 


EI Nifio Frequency 


5 


0 


Marine Bird Index 
0.0 02 04 06 08 


0.8 1.2 


Kelp Bass-Rockfish Index 
0.4 


0.0 


200 


100 


Bird Assemblage (DCA1) 
50 


0 


200 


100 


Fish Assemblage (DCA1) 
50 


0 


0 4000 
Years cal. BP 


8000 


9 SEPTEMBER 2022 ¢ VOL 377 ISSUE 6611 


12000 


1203 


RESEARCH | REPORTS 


the bird and fish abundance indices and the 
DCA axes (Fig. 3). There is extensive temporal 
variation in faunal composition at low El Nino 
frequencies, but at higher frequencies, faunal 
composition is stable through time. Collec- 
tively, these data appear to capture assemblage- 
level, structural changes in the stability and 


Bird Assemblage 
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@0 °c wpe0 o oe 


Marine Birds DCA1 


First Derivative 
0.0 
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relative productivity of marine versus terres- 
trial habitats (fig. S12). 

This ecological restructuring of the avian 
and fish communities occurs when five or 
more moderate-to-strong El Nifio events oc- 
cur during a century (Fig. 3). Thus, assem- 
blages deposited when El Nifio events did not 
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Fig. 3. Primary DCA axes, taxonomic abundance indices, and first derivatives of the model 

fits for the Escorpiones bird and fish assemblages as a function of El Nifio frequency. (A) Model fit 
and 95% confidence intervals shown as a line and gray envelope, respectively. Points are colored by 

El Nifio frequency (red, high; blue, low). (B) Relationships between El Nifio frequency and the relative 
abundance of marine avifauna, $~ marine birds/S> (marine + terrestrial birds), and the frequency of kelp 
bass and rockfish, 5> kelp bass + rockfish/}> (kelp bass + rockfish + surfperch). () Bird and fish 
DCA-EI Nifio model fits with 95% confidence intervals showing where the first derivatives are not 
distinguishable from zero (red circle), which occurs in both cases when El Nifio frequency 


approaches five per 100 years. 
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exceed this threshold are highly variable in 
composition, but all of those accumulated at 
or above this ecological tipping point reflect 
the relatively stable but low marine- and high- 
terrestrial productivity state (fig. S12). 

During those centuries when El Nifio fre- 
quencies did not exceed the five-event thresh- 
old, which happens throughout the sequence 
but much more frequently before ~5.0 ka, faunal 
composition varies widely and is apparently 
controlled by other climatic or oceanographic 
drivers [e.g., Pacific Decadal Oscillation (PDO), 
eustatic sea-level rise, upwelling]. For example, 
paleo-oceanographic records (e.g., 5'°O and 
magnesium-calcium ratios from planktonic 
foraminifera) from the Santa Barbara Basin 
and Baja California Sur suggest that such fac- 
tors enabled generally cooler SST and high 
productivity during much of the early Holo- 
cene [fig. S7 (26, 27)]. 

This ENSO-based faunal community restruc- 
turing has implications for the paleoecology, 
archaeology, and possible future scenarios 
of eastern Pacific coastal environments. The 
first concerns the relative use of marine and 
terrestrial habitats by human foragers. Be- 
cause El Nifio frequency strongly influences 
faunal productivity and thus foraging returns 
from marine versus adjacent terrestrial resource 
patches, we expect greater use of marine hab- 
itats for hunter-gatherers during periods with 
low El Nifio frequency. This is the case at 
Escorpiones, because artifact counts, our mea- 
sure of human occupational intensity, show 
that people spent much more time at the site 
before 7.0 ka, when El Nifio frequency did not 
exceed the five-event-per-century tipping point 
and other factors converged to produce high 
marine productivity (Fig. 4A). 

This El] Nino threshold phenomenon also 
has implications for our understanding of the 
human colonization of the Americas because 
it relates to the productivity of habitats along 
proposed migratory routes, especially the “Kelp 
Highway Hypothesis,” which suggests that 
terminal Pleistocene settlers followed a route 
through stable and productive littoral habitats 
from Northeast Asia, east across Beringia, and 
south into the Americas (28). Our analysis is 
consistent with this hypothesis because the 
faunal communities indicate that high marine 
productivity occurred throughout the terminal 
Pleistocene and early Holocene, a period during 
which the El Nifio frequency threshold was 
not transgressed and other oceanographic 
processes (e.g., eustatic sea-level change, 
upwelling, non-ENSO controls on SST) and 
climate systems (e.g., PDO, North American 
Monsoon) apparently enabled the formation 
of productive nearshore habitats in general 
and kelp forests in particular (Fig. 2A and 
fig. S12). 

The threshold effect also appears linked to 
the extinction of the goose-sized flightless sea 
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Fig. 4. Time series of artifact counts and 
Chendytes specimens at Escorpiones. 

(A) Artifact counts. (B) Chendytes = 5> C. lawi/S> 
marine birds. Blue shading indicates above the time 
series mean; red shading, values below the time 
series mean. 


duck (Chendytes lawit), an issue that has im- 
plications for arguments about the human 
role in past faunal extinctions more broadly. 
C. lawi breeding colonies were confined to 
offshore rocks and islands off the Pacific coast 
that provided refugia from mammalian preda- 
tors, but human foragers were able to access 
them by watercraft as early as ~10.0 ka (29). 
Archaeological evidence indicates that this duck 
was harvested until its extinction ~2.5 ka, show- 
ing that this vulnerable resource withstood an 
8000-year period of human exploitation (29). 
Escorpiones provides the highest-resolution 
record of the human use of C. lawi, with spe- 
cimens exhibiting direct evidence of human 
utilization (stone tool cut marks, burning) 
from ~10.0 to ~4.0 ka (Fig. 4B and fig. $4). 
However, its apparent local extirpation at 
~4.0 ka occurred just after the ENSO-driven 
faunal tipping point was reached, driving the 
shift to lower marine productivity and asso- 
ciated declines in other seabirds (fig. S12). 
This evidence is inconsistent with the long- 
debated overkill model for Pleistocene mega- 
faunal extinctions, which requires universal 
extinctions for vulnerable prey immediately af- 
ter human arrival (30, 31), but it does not rule 
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out potential human disruption of C. lawi 
demography and habitat and a synergistic 
climatic-anthropogenic cause for its ultimate 
extinction. 

Ecological thresholds and tipping points 
caused by environmental drivers are impor- 
tant features influencing the structure and 
functioning of ecosystems (32) and are in- 
creasingly used as a framework in environ- 
mental management (33). Identifying in what 
ecological contexts and at what temporal- 
spatial scales such threshold behaviors occur 
is thus key to deriving practical management 
implications. Although modern ENSO varia- 
bility is associated with major interannual 
faunal shifts, this analysis shows the marine 
fauna to be more stable but less productive 
with increasing El] Nifio events at the centen- 
nial scale. This high modern variability is 
consistent with the low El Nifio frequency 
phase that has characterized the system over 
the past several centuries (Fig. 2A). We anti- 
cipate similar or related threshold features to 
have characterized this system in vertebrate 
faunas across its extensive temporal and 
geographic reach, although identifying them 
must await the discovery and analysis of 
additional detailed paleorecords. Here, our 
analysis indicates that El Nifo events have 
the most controlling effect on biotic assem- 
blages when they occur beyond the critical 
threshold of five times per century. If strong 
El] Nifio events increase in the future, as pre- 
dicted by some of the latest-generation climate 
models (4), our analysis suggests that ENSO 
may dampen faunal shifts but move eastern 
Pacific marine ecosystems back to a less pro- 
ductive state. 
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Evolutionary gain and loss of a pathological immune 


response to parasitism 


Jesse N. Weber™*++, Natalie C. Steinel’*+§, Foen Peng?+4, Kum Chuan Shim’, Brian K. Lohman’#, 
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Parasites impose fitness costs on their hosts. Biologists often assume that natural selection 
favors infection-resistant hosts. Yet, when the immune response itself is costly, theory suggests that 
selection may sometimes favor loss of resistance, which may result in alternative stable states 
where some populations are resistant and others are tolerant. Intraspecific variation in immune 
costs is rarely surveyed in a manner that tests evolutionary patterns, and there are few examples of 
adaptive loss of resistance. Here, we show that when marine threespine stickleback colonized 
freshwater lakes, they gained resistance to the freshwater-associated cestode Schistocephalus 
solidus. Extensive peritoneal fibrosis and inflammation are a commonly observed phenotype that 
contributes to suppression of cestode growth and viability but also imposes a substantial cost on 
fecundity. Combining genetic mapping and population genomics, we find that opposing selection 
generates immune system differences between tolerant and resistant populations, consistent with 


divergent optimization. 


arasites impose strong selection on 

their hosts, driving rapid immune evo- 

lution (J, 2). However, selection may 

not always favor the evolution of ever- 

greater resistance. Resistance-based 
immunity can have costly side effects that re- 
duce host fitness by consuming limited re- 
sources or inducing autoimmune pathology, 
both of which influence survival and reproduc- 
tion (3, 4). For example, adult Soay sheep with 
higher self-reactive antibody titers had lower 
reproductive rates (5), although immune costs 
have not been found in some other systems, 
perhaps because costs are condition dependent 
(6). Evolutionary optimization theory suggests 
that the marginal benefit of evolving increased 
parasite resistance must be balanced against 
the marginal costs imposed by the immune re- 
sponse (7). As a result, populations may evolve 
toward an intermediate optimum with partial 
resistance and some autoimmune costs. Or, 
populations may evolve tolerance (8), allowing 
infection to persist while mitigating mortality 
and fecundity costs of that infection (including 
direct effects of the parasite, or immune costs). 
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Tolerance itself may be costly, either requiring 
energy for damage repair or by permitting in- 
fection. Either resistance or tolerance should 


Fig. 1. Population differ: A 
ences in infection suc- 

cess and immune 

phenotypes. (A) S. solidus 
prevalence varies between 
stickleback in different 

aquatic habitats on 

Vancouver Island, British 
Columbia [binomial GLM D E 
deviance = 148.8, degrees 
of freedom (df) = 2, 

P < 0.0001, 2009 sample]. 
Prevalence also varies 
significantly among lakes 
(x? = 4629, df = 49, 

P < 0.0001; estimate and 
+SEM). Three focal popula- 
tions are labeled with 

an asterisk: high-infection 
Gosling Lake (G), infection-free Roberts Lake (R), and a 
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fix in a population when these strategies are 
controlled by separate mechanisms with linear 
and additive costs; mixed strategies can be 
maintained under different cost functions (9). 
Here, we show that a particular immune re- 
sponse against parasitic cestodes entails bene- 
fits and costs and has been repeatedly gained 
and lost in a small fish. These results provide a 
stark example of conflicting selection pres- 
sures acting on immune variation in the wild, 
leading to among-population divergence in 
immune or tolerance strategies. 

Marine populations of threespine stickle- 
back (Gasterosteus aculeatus) rarely encounter 
the freshwater cestode Schistocephalus solidus 
(Fig. 1A) and so have not evolved resistance (10). 
After post-Pleistocene glacial retreat, marine 
stickleback established populations in fresh- 
water lakes where they repeatedly evolved 
greater resistance (10). However, infection prev- 
alence varies among lakes (Fig. 1A). Eco- 
logical factors (i.e., fish size, diet, and lake 
elevation and area) partly explain infection 
variation (figs. S1 and S2), but even similar 
lakes differ in S. solidus prevalence. For in- 
stance, stickleback from Roberts and Gosling 
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ow-infection susceptible marine population from 


Sayward Estuary (S) representing the ancestral state. (B) Cestode mass is largest in lab-infected G stickleback, 


smallest in R, and intermediate in F1, F2, and reciprocal 


was a significant effect of R ancestry proportion (t = -11. 


backcross hybrids. In a general linear model, there 
6, P < 0.0001), controlling for covariates including sex 


(t = -2.5, P = 0.013), log fish mass (t = 3.9, P = 0.001), and coinfection intensity (t = —1.0, P = 0.308). (C) Reactive 


oxygen species production by granulocytes [median fluo 
between lab-raised G and R stickleback and their Fl and 
MFI depends on cross type (F = 43.14, P < 0.0001) and 


escent intensity (MFI) of gated granulocytes] differs 
F2 hybrids [sample sizes listed for each cross type; 
og mass (F = 27.06, P < 0.0001) but not fish sex 


(F = 0.815, P = 0.4428) or cestode presence (F = 2.06, P = 0.1518)]. A weak cross x infection interaction (F = 2.47, 
P = 0.0308) exists because RBC backcross fish show a significant decrease in ROS production when infected, 
whereas all other crosses exhibit no response. (D) Image of infected fish with dissected cestodes. (E) Peritoneal 


fibrosis is more common in wild-caught R than in G fish 


and is more common in lab-reared cestode-exposed 


RBC and F2 hybrids than in GBC hybrids (cross y° = 155, P < 0.0001; sex x? = 2.53, P = 0.281; log mass y? = 23.83, 
P < (0.0001; cestode infection x = 98.48, P < 0.0001; cross x infection x? = 18.45, P = 0.002; points are 
means + SEM). (F) Masson's trichrome stain section of stickleback visceral organs from alum-injected and 
phosphate-buffered saline control—injected fish. Red arrow indicates fibrosis (blue-stained collagen) connecting 


the intestinal wall to the spleen. Scale bars, 500 um. 
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lakes (hereafter, R and G) on Vancouver Island, 
British Columbia, exhibit infection rates of 0 
and >50%, respectively, despite close geo- 
graphic proximity, similar consumption of 
cyclopoid copepods (the first host) (17), and 
nesting pairs of loons in both lakes (the final 
host). We hypothesized that these differences 
in infection prevalence reflect either evolu- 
tion of resistance by R stickleback or tolerance 
of G fish. 

We experimentally exposed lab-raised RxG 
recombinant hybrids, including intercross (F2) 
and backcross hybrid stickleback, to S. solidus 
(fig. S3) (12). Infection rates were lower in 
hybrids with greater R ancestry (fig. S4), con- 
sistent with prior trends (0, 17). R ancestry 
also reduced the growth rate of cestodes that 
established infections (Fig. 1B). Because all 
parasites grew for the same period of time 
(12), growth rate is proportional to In(cestode 
mass). When the cestode reaches reproduc- 
tive size (50 mg), it manipulates fish to facili- 
tate predation by birds (terminal hosts) (13). 
Cestode growth suppression in R-backcross 
(RBC) and many F2 stickleback prevented 
the parasite from reaching this size thresh- 
old, thus protecting the fish from increased 
predation risk. 

Infection increased head kidney granulo- 
cyte abundance in both fish genotypes (fig. 
S5), However, R ancestry increased the inflam- 
matory reactive oxygen species (ROS) gener- 
ated per granulocyte (Fig. 1C). R genotypes 
also exhibited a visually distinctive response 
to infection involving severe peritoneal fibro- 
sis (14) (Fig. 1D). In vertebrates, tissue damage 
from parasites can cause inflammation, fibro- 
blast proliferation, and collagen deposition 
(fibrosis) forming adhesions between the vis- 
cera. In healthy stickleback, the abdominal 
organs move freely, but cestode exposure in- 
duces extensive adhesion in some stickleback. 
Similar adhesions can be induced by intra- 
peritoneal injection of aluminum phosphate 
(alum) or cestode protein (15) and have been 
observed in a wide variety of other fish species 
(16). Trichrome stain confirms that the adhe- 
sions entail excessive collagen deposition (Fig. 
1E and fig. S6). After cestode exposure of F2 
hybrid fish, fibrosis was positively associated 
with R ancestry (Fig. 1D), especially when a 
cestode was present (fig. S7). Fibrosis is rare 
in G fish (both in the wild and in the lab) and 
in G-backcross (GBC), regardless of infection. 
Marine stickleback (a proxy for the ancestral 
state) also lack fibrosis in the wild and after 
lab infections. Fibrosis is common in indepen- 
dently colonized watersheds in both Alaska 
and Vancouver Island, confirming that fibro- 
sis evolved repeatedly during freshwater colo- 
nization (fig. S8). 

Fibrosis confers two benefits to lab fish. 
First, fibrotic F2 hybrids had 87.7% smaller 
cestodes than did nonfibrotic F2 (Fig. 2A; 
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Table 1. The locations of quantitative trait loci contributing to variation in cestode mass and 


stickleback immune traits. 


Chromosome Marker ID 


mean mass: 0.316 and 2.558 g, respectively). 
Considering all infected hybrids, cestode mass 
depended on fibrosis (P = 0.0072) and cross 
direction (P < 0.0001), but did not depend on 
a fibrosis x cross interaction. ROS production 
was also negatively correlated with cestode 
growth within F2 hybrids (Fig. 2B). Second, 
fibrosis increased the likelihood that small 
cestodes would be encased in cysts [fig. S9; RBC 
odds ratio (OR) = 6.6, P < 0.0001; F2 fish OR = 
13.2, P < 0.0001; GBC fish OR = 52, P = 0.0359], 
as collagen is a key component in cyst forma- 
tion. These cysts often contained dead or visi- 
bly degraded parasites, or amorphous material 
with cestode RNA. Cysts were more common 
in R ancestry fish (Fig. 2C). Thus, fibrosis is 
associated with both growth suppression and 
elimination of cestodes. Fibrosis is also a per- 
sistent lesion that remains long after the im- 
mune challenge (15), which is why we observe 
fibrosis in cestode-exposed but uninfected fish. 
The negative effect of R ancestry on cestode 
growth arises via multiple direct and indirect 
paths, explaining 34.3% of cestode size varia- 
tion (Fig. 2D): R ancestry significantly pro- 
motes fibrosis and ROS, both these responses 
independently contribute to cestode growth 
suppression, and R ancestry explains addi- 
tional variation in cestode size. 

These laboratory results are corroborated 
by data from wild stickleback populations. In 
a 2016 sample of 13 lakes in British Columbia, 
fibrosis prevalence varied significantly among 
lakes (y” = 90.8, P < 0.0001). Fibrosis is more 
likely in fish with cestode infections (fig. S10) 
but is unrelated to the only other common 
helminth in the peritoneum (Eustrongylides 
sp., x” = 0.98, P = 0.197). Fibrosis also drove a 
56.6% reduction in cestode size (Fig. 2E), con- 
trolling for host mass and lake. A 2013 survey 
of 16 other lakes found that population fibrosis 
frequency was positively related to cestode 
prevalence [correlation coefficient (7) = 0.580] 
and negatively related to mean cestode mass 
(Fig. 2F). 

Both fibrosis and ROS are costly responses 
to infection. In our experimentally exposed 


Locus 


Genomic position Trait 


1406842 Cestode mass 


14316110 


6190955 


14553738 


4462742 ROS 


hybrid lab fish, fibrotic females were 73.4% 
less likely to be gravid at euthanasia [Fig. 2G; 
binomial general linear model (GLM) P = 
0.0002]. Additionally, reproductive readiness 
was negatively related to ROS (fig. S11), in- 
creased with fish mass, and was unrelated to 
cross or infection. These results indicate that 
cestode infection undermined female fitness 
indirectly via fibrosis, rather than directly. Field 
samples corroborate this inference: In 2018, 
Roselle Lake infected fish were more likely to 
exhibit fibrosis. Female reproductive maturity 
was reduced 90.5% by fibrosis (Fig. 2H) but 
was not significantly affected by infection it- 
self. Similarly, male stickleback with fibrosis 
were less likely to nest (OR = 0.41 in Roselle 
Lake, OR = 0.56 in Boot Lake, both P < 0.01), 
controlling for infection status and body 
size (17). 

Given these benefits and costs of fibrosis, 
we hypothesized that natural selection may be 
optimizing fibrosis, favoring gain (or loss) de- 
pending on a population’s infection risk or 
ecological factors affecting costs. Optimization 
should be reflected in the genetic architecture 
of the relevant traits; rather than systematic 
directional selection for ever-stronger fibrosis, 
stabilizing selection would act on a combi- 
nation of pro- and antifibrotic genes (positive 
and negative effects). To test these optimiza- 
tion expectations, we used a triangulation ap- 
proach merging quantitative trait locus (QTL) 
mapping, population genomics, and tran- 
scriptomics. We mapped the genetic basis of 
variation in fibrosis (and related traits) and 
determined QTL effect directions and which 
populations experienced selection for gain or 
loss of function. 

To map infection-related traits, we geno- 
typed 647 of the experimentally exposed F2, 
GBC, and RBC fish for 234 informative mark- 
ers. Mapping QTLs for all traits of interest (fig. 
S3) revealed seven significant QTLs explaining 
variation in cestode mass, fibrosis, granulomas, 
and ROS but not cestode presence or absence 
(Fig. 3A, Table 1, table S1, and figs. S12 and 
$13). Fibrosis maps to a QTL on chromosome 2 
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Fig. 2. Benefits and costs of fibrosis and ROS 
in lab and wild stickleback. (A) Cestode mass 

is lower in fish with greater R ancestry (t = -11.6, 
P < 0.0001; sex t = -2.505, P = 0.0127; log mass 
t = 3.86, P = 0.0014; number of coinfecting 
cestodes t = -1.02, P = 0.3082) and when fibrosis 
is present (t = -2.909, P = 0.0039), with no cross x 
fibrosis interaction (F255 = 1.25, P = 0.2873). 
Cross types are color coded green (R backcross), 
turquoise (F2 intercross), and blue (G backcross). 
(B) Stickleback with greater ROS production 

have smaller cestode mass (Fi.236 = 5.25, 

P = 0.0228) controlling for fibrosis (Fy.236 = 13.18, 
P < 0.001) and cross (Fo.236 = 37.9, P < 0.001), 
with no ROS x cross interaction (P > 0.05). 

(C) Stickleback with fibrosis are more likely to 
have cysts encasing tapeworms (pictured in 

fig. S9), particularly in F2 and RBC fish (R ancestry 
effect x? = 83.9, P < 0.0001). (D) Path analysis 
to explain variation in cestode mass: dashed lines 
denote negative correlations, solid lines are 
positive. Thick lines are significant, thin lines 

are nonsignificant (*P < 0.05, **P < 0.01, 

***P < 0.001). (E) Wild-caught individuals with 
fibrosis tend to have lower cestode mass than 
fibrosis-free individuals. Each trendline is a 
population (sampled in 2016); solid and dashed 
lines represent significant and nonsignificant 
within-lake trends, respectively. The main effect 
of fibrosis is significant in a model with random 
population effects (x? = 20.9, df = 1, P < 0.0001, 
controlling for host mass y? = 0.075, df = 1, 

P = 0.7833). (F) Wild stickleback populations 
with more fibrosis tend to have smaller cestodes 
(t = -1.91, one-tailed P = 0.048, controlling for 
host mass and infection intensity, 2013 sample), 
confirming lab results. Circle size represents 
infection prevalence (t = -1.91, controlling for 
crowding infection intensity). (G) Fibrosis, but not 
cestode infection, was associated with reduced 
ovary development in lab-raised fish (20.4 versus 
5.4% gravid in nonfibrotic versus fibrotic females, 
respectively; binomial GLM deviance = 13.53, 

P = 0.0002). (H) Fibrosis was associated with 
low female fecundity in wild fish from Roselle 
Lake in 2018: 70% of nonfibrotic females 

were gravid compared with 6.6% of fibrotic 
females (z = -2.7, P = 0.0057), with no 

effect of cestode infection. Error bars 

are +1 SEM. 


(Chr2), where R alleles increase fibrosis fre- 
quency (Fig. 3B). Each QTL explains a small- 
to-moderate amount of phenotypic variance 
in resistance traits. For example, a QTL on 
Chri2 explains 9.3% of cestode mass var- 
iation (Table 1). Several traits map to over- 
lapping QTLs (e.g., ROS and cestode mass map 
to Chr15) (Fig. 3A and Table 1), representing 
potential pleiotropy. An optimization process 
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is expected to yield a mixture of positive- and 
negative-effect QTLs (18) in a given population. 
We observe such a mixture of effect directions 
for some traits (ROS and cestode mass). Al- 
though R granulocytes generally produce more 
ROS, QTLs are not uniformly in this direction; 
within the ROS QTL on Chr15, R alleles confer 
higher ROS, but at the QTL on Chri], R alleles 
reduce ROS (fig. S14). 
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QTL mapping identifies large chromosomal 
regions associated with a phenotype, contain- 
ing large numbers of genes. Genomic signa- 
tures of natural selection are typically much 
narrower, allowing a more precise genetic 
map. We obtained whole-genome sequenc- 
ing of pooled population samples (Pool-seq) 
for R, G, and a marine population (Sayward, 
or S) and calculated the population branch 
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Fig. 3. Genetic mapping and population 
genomic analyses of immune differences 
between stickleback populations. (A) QTL 
mapping identified chromosomal regions 
associated with R versus G differences in 
cestode growth, fibrosis, granuloma 
(without fibrosis), and ROS; here, we 
present logarithm of the odds (LOD) scores 
for focal QTL. Tick marks on the x axis 
represent population-informative single- 
nucleotide polymorphisms for mapping. 

(B) Effect plot showing association 

between Chr2 marker X52 genotype 

and the frequency of fibrosis, for 

the three hybrid cross types (blue, 

RBC; turquoise, F2 intercross; green, 

GBC), with means and standard errors. 
Jitter is added to distinguish overlapping 
points. (C) Within the Chr2 QTL for 
fibrosis, Pool-seq data indicate that the 
strongest target of divergent selection 
between R and G is in and adjacent to the 
3' end of the PUI gene [top subpanel 

is Fst between R and G, bottom subpanel 
is the PBS for G and R showing accelerated 
evolution is in Gosling Lake, including the 
fixation of a deletion within the intron 
(nucleotides 8843941 to 8844018) 
containing a regulatory CTCF binding 
motif]. (D) The gene SPI1b 
(ENSGACT00000020522.1) produces 

PU.1 and is more highly expressed 

in fibrotic than in nonfibrotic fish, 
controlling for infection and cross [log 

fold change (LFC) = 0.199, Pg = 0.0324), 
and is more strongly expressed in infected 
fish (LFC = 0.254, Pag = 0.0036). 

(E) Effect plot of Chrl2 marker X308 genotype 
on log live cestode mass. (F) Within 

the Chr12 QTL for cestode mass (shaded 
gray region), the strongest genomic targets 
of selection (i-e., highest PBS) are tightly 
clustered around the genes STAT6 and 
Cyp3a48. (G) STAT6 contains nearly fixed 
deletions in Gosling Lake just 3' to the 
start of the gene and within exon 5. 

(H) Cyp3a48 contains a 3-kb deletion 
within exon 2 that is fixed in G fish, as 
indicated by the large window of reduced 
coverage in G but not R or Sayward Pool-seq 
data. In (B), (D), and (E), error bars are +1 SEM. 


statistic (PBS) to detect targets of selection. 
We focus on genes that (i) lie within a trait 
QTL, (ii) exhibit strong evidence of selection, 
Gii) have a known effect on the QTL trait, and 
(iv) show some feature of molecular evolution, 
such as changes in coding or known regula- 
tory regions, or are differentially expressed 
between R and G genotypes (19, 20). Only a 
few loci met three or four of these criteria. PBS 
analysis, using marine fish as the outgroup, 
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allowed us to determine which population ex- 
perienced selection on a given gene. Several 
of the loci we identified experienced strong 
positive selection in the susceptible and tol- 
erant G population, others evolved in the re- 
sistant R population. 

Within the fibrosis QTL (Chr2; Fig. 3B and 
fig. S15), the strongest target of selection is a 
narrow area containing the gene SPIb [Fig. 3C 
and fig. S16; fixation index (F's7) ~ 1.0]. This 


gene produces a transcription factor, PU.1, pre- 
viously shown to regulate fibroblast polariza- 
tion and tissue fibrosis (27, 22). Pool-seq data 
reveal a 78-base pair (bp) deletion in the sec- 
ond intron that is nearly fixed in G but absent 
in R and S (Fig. 3C). The Ensembl] human 
genome browser identifies a CTCF binding site 
in this region, but sequence identity is poor. 
SPIIb is expressed more in fibrotic than non- 
fibrotic F2 hybrid fish (Fig. 3D), and more in 
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infected than uninfected fish. Additional genes 
within the QTL are differentially expressed 
between genotypes or as a function of fibrosis 
(fig. S17). But SP/7b is the only gene in the QTL 
to meet all four criteria, providing a strong 
candidate gene to explain the fibrotic lesions 
of R fish. Notably, this gene exhibits a large 
allele frequency change in Gosling rather than 
Roberts Lake (Fig. 3C, larger PBS), implying 
that selection favored evolutionary loss of 
fibrosis in G fish. This result is corroborated 
by Pool-seq data from 12 high-fibrosis and 13 
low-fibrosis populations, showing that SPIIb 
evolution accelerated in about half of the low- 
fibrosis populations (fig. S18). 

The strongest QTL for cestode mass is on 
Chr12 (Fig. 3E) and contains two strong tar- 
gets of selection. One locus shows rapid evolu- 
tion in G and contains STAT6, which regulates 
inflammation and activation of alternatively 
activated macrophages (23) and helminth re- 
sistance in lab mice (24). G is nearly fixed for a 
small frame-shift deletion in exon 5 of STAT6 
(Fig. 3G) that should render mRNA isoforms 
with this exon nonfunctional. G fish also evolved 
a 100-bp deletion 80 bp upstream of the STAT6 
start codon. The second selected locus within 
the QTL is driven by evolution in R fish (Fig. 
3F and fig. S19) and contains a cytochrome 
P450 subfamily 3a gene-Cyp3a48. Proteins 
in this subfamily metabolize a large variety 
of endogenous and exogenous products, with 
inflammatory ROS being major enzymatic 
by-products of these reactions (25). G fish are 
nearly fixed for a 3-kb coding-sequence dele- 
tion in Cyp3a48 (Fig. 3H); deletion of this 
gene is consistent with G fish’s weaker fi- 
brosis response. Cyp3a48 is also among the 
strongest targets of selection between each 
of two benthic and limnetic stickleback spe- 
cies pairs (26), which also differ in S. solidus 
prevalence. A third site within the QTL is a 
weaker target of selection (fig. SI9E) but is 
noteworthy for containing hnf4a, a fibrosis 
suppressor (27). Ingenuity Pathway Analysis 
of transcriptome data identified hnf4a as an 
upstream regulatory switch responsible for 
differential expression of a set of genes (20) 
that are induced by infection [z-score = 0.481, 
adjusted P value (Paqj) = 0.032] in G but not R 
fish (z-score = —0.8, Paqj < 0.0001). Infection- 
induced expression of this fibrosis suppressor 
in G fish may contribute to their lack of fibro- 
sis. But it is R that experienced selection on 
this locus (high PBS), leading us to conclude 
that R fish evolved fibrosis in part by reduc- 
ing this down-regulatory pathway. Selected 
regions within other QTLs are presented in 
fig. $20. 

In evolutionary ecology, it is commonly as- 
sumed that immunity is preferable to suscep- 
tibility (28), and hence population differences 
in parasite resistance reflect evolutionary gain 
of function in the more resistant populations 
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[but see (29)]. Experiments with birds have 
confirmed that greater resistance can evolve 
despite short-term immune costs (30). How- 
ever, cost-benefit trade-offs mean that selec- 
tion may favor either loss or gain of resistance, 
as we illustrate here. Although marine stickle- 
back have the ancient genetic pathway for 
peritoneal fibrosis (16), this response is not 
activated after cestode exposure, leading to 
large, virulent parasites. Replicated evolu- 
tionary gain of a strong fibrosis response to 
S. solidus (fig. S8) across numerous freshwater 
stickleback populations indicates that fibrosis 
is an adaptive trait. The adaptive benefits of 
fibrosis include suppressed cestode growth 
and increased cyst formation and cestode 
death. These benefits are noteworthy because 
fibrosis in humans is seen mostly as a pathol- 
ogy (37). In stickleback, fibrosis has patholog- 
ical aspects as well, reducing reproductive 
success in both sexes. Given this cost-benefit 
balance, optimization theory leads us to expect 
stabilizing selection on immune traits leading 
to both heritable gains and losses of function. 
Our genetic analyses confirm these expecta- 
tions. QTL mapping revealed pleiotropic and 
polygenic evolution of immune traits, with a 
mix of positive- and negative-effect QTLs (e.g., 
ROS; fig. S14), consistent with theoretical ex- 
pectations for stabilizing selection (78) rather 
than relentless directional selection. Using 
Pool-seq to polarize the direction of evolu- 
tionary change within these QTLs, we found 
strong selection in G favoring rapid fixation of 
deletions within three profibrotic genes: SP//, 
STAT6, and Cyp3a48. We did not detect these 
deletions in either R or marine fish. Mean- 
while, R fish exhibit selection around profi- 
brotic TMEM39A and antifibrotic hnf4a, whose 
expression is unresponsive to infection in R 
fish (but responsive in G fish). Thus, although 
Roberts Lake fish exhibit a phenotypic gain 
of function relative to both G and ancestral 
marine fish, selection actually acted in both 
lakes in opposing directions (summarized in 
fig. S21). 

Phylogenetic ancestral trait reconstruction 
also suggests that fibrosis is gained during 
the repeated colonization of fresh water and 
then repeatedly lost in a subset of lakes (fig. 
S8). As a result, cestode resistance and fibro- 
sis severity differ among populations, which 
contributes to the variation in parasite prev- 
alence among populations. These differences 
are consistent with theoretical models (8, 9), 
which suggest that host-parasite coevolution 
can lead to alternative stable states wherein 
some populations evolve resistance (despite 
costs of immunity) and others evolve tolerance 
(despite costs of infection) (8). Such alterna- 
tive states can allow parasites to persist in 
host metapopulations, which may facilitate 
cases of zoonotic disease spillover to humans 
(32). But infection prevalence (and any zoo- 


nosis risk) will be unevenly distributed among 
populations, depending on where they evolve 
along the resistance-tolerance axis. Thus, to 
understand parasite epidemiology, we must 
consider how the mix of immune costs and 
benefits may lead to evolution toward, or away 
from, resistance to infection. 
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EXOPLANETS 


Density, not radius, separates rocky and water-rich 
small planets orbiting M dwarf stars 


Rafael Luque”?* and Enric Pallé>+ 


Exoplanets smaller than Neptune are common around red dwarf stars (M dwarfs), with those 

that transit their host star constituting the bulk of known temperate worlds amenable for 
atmospheric characterization. We analyze the masses and radii of all known small transiting planets 
around M dwarfs, identifying three populations: rocky, water-rich, and gas-rich. Our results are 
inconsistent with the previously known bimodal radius distribution arising from atmospheric loss of 
a hydrogen/helium envelope. Instead, we propose that a density gap separates rocky from 
water-rich exoplanets. Formation models that include orbital migration can explain the observations: 
Rocky planets form within the snow line, whereas water-rich worlds form outside it and later 


migrate inward. 


xoplanets that transit red dwarf stars 

(M dwarfs) intersect a large fraction of 

the stellar disk, making them potentially 

suitable targets for transmission spec- 

troscopy (1). The habitable zones of plan- 
etary systems around M dwarfs are located 
close to the host stars, increasing the chance 
of transits occurring and shortening their 
period. Whether small planets around M dwarfs 
are potentially habitable remains unclear, in 
part because of incomplete knowledge of their 
composition (2). 

Small exoplanets are known to have a bi- 
modal radius distribution, with two popula- 
tions separated by a gap, known as the radius 
valley (3). Potential explanations focus on 
atmospheric mass loss mechanisms, such as 
photoevaporation driven by the host star (4, 5) 
or due to the internal heating of the planet (6). 
Photoevaporation models can reproduce the 
position of the radius valley by assuming that 
super-Earth and sub-Neptune planets all have 
rocky compositions, with their different radii 
being a consequence of whether they retain 
their primordial hydrogen/helium atmosphere 
(H/He envelope). If the internal composition of 
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these planets were icy, the radius valley would 
be at larger planetary radii (4, 7). 

A purely rocky composition for most short- 
period small exoplanets is inconsistent with 
global formation models that include accre- 
tion and orbital migration mechanisms (8). 
These models predict that planets with masses 
below 20 Earth masses (Mg) become water-rich, 
because large-planet embryos are preferen- 
tially formed beyond the ice line (the distance 
from the central protostar where the tem- 
perature is cold enough for volatile molecules 
to condense into solid ice grains), and migra- 
tion dynamics efficiently move objects in this 
mass range inward (9). These models repro- 
duce other observed features of the small exo- 
planet population, such as the period ratio 
distribution of adjacent planet pairs and the 
overabundance of single-transiting systems (10). 
Those results were based on observations of 
planet radii alone. Knowing the density of each 
planet might provide more useful information, 
but this would require measurements of both 
mass and radius. 

We investigated the population of small 
(planet radius less than 4 Earth radii, R < 4 Re) 
transiting planets around M dwarfs (hereafter 
abbreviated STPMs). Determining the masses 
of planets observed in transit by space tele- 
scopes requires ground-based follow-up, with 
some STPMs having multiple inconsistent 
mass estimates in the literature. We compiled 
all published mass measurements for STPMs 
and used archival observations to refine the 


physical parameters of nine planets in seven 
planetary systems (table S8). We used the 
JULIET code (77) to model transits and radial 
velocities (12). To build our sample of STPMs, 
we began with the Transiting M-dwarf Planets 
catalog (13), which includes 43 planets with 
aradius smaller than 4 Rg in 26 planetary 
systems as of 21 July 2021. We restricted our 
analysis to planets that are precisely charac- 
terized, requiring dynamical mass precision 
better than 25% and radius precision better 
than 8%. After our analysis of archival obser- 
vations (12), 34 of the planets (80%) were 
considered to be precisely characterized by 
this definition. 

Figure 1A compares our STPM sample with 
theoretical composition models (74) on a mass- 
radius diagram. We find that the planets do 
not form a continuum but are distributed in 
three separate populations. Two groups are 
consistent with specific compositions: the 
extrapolated mass-radius relation of Earth 
(hereafter rocky planets), and planets consist- 
ing of rock and water ice in 1:1 proportion by 
mass (hereafter water-rich worlds, or water 
worlds). The third group consists of planets 
with larger radii than either model, requiring 
H/He envelopes. We assigned each planet 
to the closest model composition, taking into 
account the uncertainties in mass and radius. 
In Fig. 1B, we show the same sample in a mass- 
density diagram, where the bulk densities of 
the planets have been normalized by a theo- 
retical model of an Earth-like composition 
(scaled Earth’s bulk density, po,;, assuming 
mass fractions of 32.5% iron and 67.5% sili- 
cates) that accounts for gravitational compres- 
sion (14). 

The rocky population spans a large range 
of equilibrium surface temperatures (7.q) and 
has a small dispersion in density. Many of these 
planets are close enough to their host stars to 
experience strong runaway greenhouse effects, 
so they are candidates to have extended atmo- 
spheres of water in a supercritical state (15, 16). 
With little liquid water on the surface, this in- 
creases the planetary radius relative to water- 
free planets (Fig. 2D). The population we identify 
as water worlds have almost constant bulk 
densities. These planets must have thin or non- 
existent H/He atmospheres or supercritical 
water layers. Otherwise, small variations in 
the mass fraction of H/He envelopes (Fig. 2A) 
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Fig. 1. Sample of small transiting planets around M dwarfs (STPMs) as of 
21 July 2021. (A) Mass-radius diagram. (B) Mass-density diagram. Numerical 
values are provided in data S1 and include nine planets with revised masses and radii 
(table S8). Error bars show lo uncertainties on each measurement. In both panels, 
two theoretical composition models (14) are plotted: an Earth-like composition 
(mass fractions of 32.5% iron and 67.5% silicates, green curve) and a planet 
consisting of 50% water-dominated ices and 50% silicates (blue curve). In (A), 
planets are color-coded by their equilibrium temperature T.g. In both panels, 


or in their temperatures (Fig. 2C) would result 
in large differences in the radius of the planets 
(14-16). Therefore, these planets aligned must 
be water-rich objects, not gas-rich. 

The third population have radii larger than 
2.3 Re and masses higher than 6 Mg. These are 
larger than rocky or water-rich planets of the 
same mass, So we refer to them as puffy sub- 
Neptunes. The nature of this population is 
more difficult to determine because interior 
and atmospheric composition models are de- 
generate. The possible scenarios include rocky 
worlds with massive H/He envelopes (Fig. 2A) 
or water worlds with thin envelopes (Fig. 2B), 
perhaps affected by a greenhouse effect that 
generates extended atmospheres of water in a 
supercritical state (16). However, there are no 
differences in T,, between the water world 
and puffy sub-Neptune populations, and nearly 
all planets have T., > 400 K, high enough to 
potentially have inflated hydrospheres. There- 
fore, the larger radii dispersion of puffy plan- 
ets could be a consequence of the individual 
H/He accretion histories, not atmospheric loss 
processes. If so, the water worlds and puffy 
sub-Neptunes could be part of a continuous 
population, with differences in their bulk 
densities arising from their different masses, 
which affect their accretion potential. Obser- 
vations of water in the transmission spectra 
of the puffy sub-Neptunes K2-18 b (/7, 18) 
and HD 106315 c (19) are consistent with this 
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with a green ® symbol. 


scenario, as is the presence of a thick at- 
mosphere that likely contains water in 2 
Mensae c (20). 

Growth models and Monte Carlo simula- 
tions have led to similar conclusions for water 
worlds (74). An issue with this interpretation 
is that water worlds with masses between 
3 and 6 Mg should have radii of 1.5 to 2.0 Rg, 
so no radius valley would be observed (27). 
Figure 1 shows that rocky planets exist from 
0.3 to ~10 Earth masses. The radius valley for 
M dwarfs is not empty: The apparent scar- 
city of small planets with radii between 1.5 and 
2.0 Rg is due to a combination of (i) the rocky 
population having a maximum mass of 10 Mg 
whereas the water worlds have a minimum 
mass of 2 to 3 Mg, and (ii) the corresponding 
radius limits for each (12). 

Figure 3 shows normalized radius and den- 
sity histograms for the STPM sample, which 
we fitted with Gaussian functions. We find 
that the mean bulk density (radius) in each 
population is 0.94 + 0.13 pg, (1.21 + 0.28 Re) for 
rocky planets, 0.47 + 0.05 po (1.97 + 0.28 Re) 
for water worlds, and 0.24 + 0.04 pgs (2.85 + 
0.63 Re) for puffy sub-Neptunes. For rocky 
planets, the average radius is limited by the 
detection limit of transiting surveys. The 
separation between super-Earths and sub- 
Neptunes, which was roughly determined 
at 1.6 Rg from the radius valley (22), is more 
pronounced in density: We find a clear sepa- 


light gray points are planets with mass or radius determinations worse than our 
thresholds of 25% and 8%, respectively, so are not included in the subsequent 
analysis. In (B), densities are normalized by the Earth-like model and planets 

are color-coded according to their characteristic bulk densities: rocky planets 
(brown), water worlds (light blue), and puffy sub-Neptunes (dark blue). The 
vertical dashed lines mark the 2 M. lower limit for water worlds (light blue) and 
6 Ma lower limit for puffy sub-Neptunes (dark blue). For reference, Earth is shown 


ration at 0.65 pg, with no overlap between 
populations. 

Figure 4 shows the radius-period and density- 
period diagrams. We used the GAPFIT (23) 
software to determine the location and slope 
of the gap that separates rocky planets from 
water worlds in these two representations. For 
our STPM sample, we find that the orbital 
period has no dependence on radius (slope 
0.02 + 0.04). In addition, we find no signifi- 
cant dependence (all slopes are consistent 
with zero within 1o) of planet density on or- 
bital period, incident bolometric flux S, or 
stellar mass M, (Fig. 4 and fig. S18). 

Our identification of three classes of STPMs 
according to their bulk density is consistent 
with formation and evolution theories. Accre- 
tion mechanisms predict that ice and rock both 
participate in planetary growth. Material con- 
densing beyond the water-ice line is expected 
to have a 1:1 water-to-rock ratio if it has the 
same composition as the Solar System (24), 
the same ratio we used in Fig. 1. However, the 
STPM sample has no planets with interme- 
diate water-rock compositions, which are pre- 
dicted in planetesimal accretion models but 
not in pebble accretion models (27, 25). There- 
fore, our classification favors pebble accretion 
models as the main mechanism for forming 
small planets around M dwarfs. 

Synthetic populations of small planets around 
M dwarfs (26) predict a mass-radius diagram 
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Fig. 2. Same as Fig. 1A, but for different internal composition models. (A) Earth-like rocky cores with H/He atmospheres by different percentages in mass 
at various temperatures (14). (B) Water-rich cores (50% Earth-like rocky core plus 50% water layer) with different mass fractions of H/He atmospheres at various 
temperatures (14). (C) Water worlds at different temperatures (14). (D) Models for Earth-like planets accounting for runaway greenhouse radius inflation (15). 


Fig. 3. Normalized histograms of the STPM A 

sample. Only planets that pass our precision 20.0 : l= Rocky planets 
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as a function of density divided by an we, : mmm Puffy sub-Neptunes 


Earth-like model. (B) Frequency as a function 
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Fig. 4. Dependence of the STPM sample on orbital period. (A) As a function of planet radius. (B) As a function of planet density. Planets are color-coded 
according to their bulk density, as in Fig. 1B. The dashed lines are previous determinations of the location of the radius valley (22, 30). The blue line and shaded region 
show our best-fitting model and its lo uncertainty, respectively, which are consistent with zero slope. 


that is consistent with our STPM sample (fig. 
$20). The simulations predict that water worlds 
are more common at lower stellar masses, with 
the minimum water world mass being a func- 
tion of the host star mass. This has been attrib- 
uted (26) to the migration of icy planets from 
beyond the ice line into the inner regions of 
the disk. Inward migration becomes efficient 
at lower planetary masses around lower-mass 
stars, which do not retain an envelope. For 
more massive stars, migration only occurs 
for planets above 10 Mg, which are capable 
of accreting an envelope. Therefore, we pro- 
pose that the observed population of planets 
around lower-mass M dwarfs includes more 
ice-rich cores, with low masses and without 
envelopes. Our finding of a minimum mass 
for water worlds of 2 Mg is also in agreement 
with simulations (26) for stellar host masses 
between 0.3 and 0.5 solar masses, which is the 
majority of our sample. We conclude that rocky 
planets formed within the ice line, whereas 
water worlds (as defined in Fig. 1) formed 
beyond the ice line and migrated inward. Our 
sample includes multiplanet systems with 
planets on either side of the radius valley. For 
those systems, we find that the innermost 
planet is always rocky and less massive, where- 
as the outermost belongs to the water world 
population (fig. S17). 

For solar-type stars, which are higher in 
mass than M dwarfs, theoretical models pre- 
dict similar results. Based on mass-radius rela- 
tions, the planets larger than the radius valley 
have been identified (74) as water worlds, and 
simulations using global planet formation and 
evolution models seem to support this hypoth- 
esis (21). The simulations produce a bimodal 
distribution of core mass and composition, 
which agrees with the observations. To ex- 
plore whether our results can be extended from 
M dwarfs to solar-type stars, we attempted 
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an analysis of known planets around F-, G-, 
and K-type stars. The results are shown in fig. 
S19. The planet distributions share some of 
the features of the STPM sample; however, 
the low number of precisely characterized small 
planets around these stellar types prevents us 
from drawing conclusions (12). 

We conclude that STPMs can be classified 
into three groups using their bulk densities. 
All three planet types could potentially be 
habitable if the appropriate conditions are 
met (27-29). However, determining those con- 
ditions from observations requires knowing the 
composition of these small planets. 
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METASURFACES 


Chiral emission from resonant metasurfaces 


Xudong Zhang, Yilin Liu’, Jiecai Han’, Yuri Kivshar®*, Qinghai Song>*>* 


Ultracompact sources of circularly polarized light are important for classical and quantum optical 
information processing. Conventional approaches for generating chiral emission are restricted to 
excitation power ranges and fail to provide high-quality radiation with perfect polarization conversion. 
We used the physics of chiral quasi-bound states in the continuum to demonstrate the efficient and 
controllable emission of circularly polarized light from resonant metasurfaces. Exploiting intrinsic 
chirality and giant field enhancement, we revealed how to simultaneously modify and control spectra, 
radiation patterns, and spin angular momentum of photoluminescence and lasing without any spin 
injection. The superior characteristics of chiral emission and lasing promise multiple applications in 


nanophotonics and quantum optics. 


ne of the main targets of contemporary 
optics is to efficiently manipulate the 
polarization state of light emission in 
an ultracompact form (J-5). Progress in 
this field relies on continued break- 
throughs in the demonstration of chiral ma- 
terials and chiral optical cavities (6). Chiral 
materials have been intensively explored, and 
emission of light with 0.95 degree of polariza- 
tion (DOP) has recently been demonstrated 
at room temperature by applying electrical or 
optical spin injection (7, 8). Research on chiral 
optical micro- and nanocavities is slightly be- 
hind (6). By constructing metasurfaces without 
time-reversal symmetry, a balance between left 
and right circular polarizations can be broken 
(9-16). Consequently, circularly polarized spon- 
taneous emissions with the DOP values up to 
0.81 has also been achieved with active nano- 
structures without spin injection (16). However, 
all conventional approaches suffer from in- 
coherent broadband emission, limited DOP, 
and large radiating angles. Thus, their practi- 
cal applications are hindered by low efficiency 
and energy waste to undesired handedness 
and emission directions. Although chiral micro- 
lasers have been demonstrated, large DOPs 
appear only in specific power ranges, and their 
subthreshold performances plummet substan- 
tially (17). To the best of our knowledge, there 
are no efficient strategies today to control 
simultaneously both chiral photoluminescence 
and chiral lasing in an ultracompact form. 
To tackle these challenges, we used the phys- 
ics of optical bound states in the continuum 
(BICs), which are peculiar states that can lo- 
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calize light within the radiation continuum 
for an infinitely long time (78-25). In physical 
systems, BICs appear as quasi-BICs with finite 
but still very large quality (Q) factors, allowing 
the achievement of distinct characteristics of 
both confinement and radiation of light that 
have successfully been used to boost perform- 


eit i 


or 


012  -0.12 


ance of nanophotonic devices, including uni- 
directional emission, ultrafast control, and 
record-high harmonic generation (20, 21, 25). 
Recently, the relationship between chiral fields 
and quasi-BICs has been uncovered (27-23), 
and the construction of quasi-BICs with in- 
trinsic chirality has been suggested theoretically 
(26-28), making optical quasi-BICs very attrac- 
tive for chiral devices. 

The main concept underpinning our reso- 
nant chiral metasurfaces (Fig. 1A) was created 
by a square lattice of tilted titanium dioxide 
(TiO.) bars placed on a 13-nm indium tin oxide 
(ITO)-coated substrate. The height of the TiO. 
bars and lattice size are fixed at H = 180 nm and 
a = 360 nm, respectively. The metasurface is 
characterized by two deformation (asymmetry) 
parameters 9 (in plane) and o (out of plane), 
which are defined in Fig. 1B. We used 180-nm 
polycarbonate (PC) film and 400-nm electron- 
beam resist [polymethyl methacrylate (PMMA) 
A2] coated onto the TiO, bars. For the case of 
8 = 0° and a = 0°, C2 symmetries are pre- 
served, and BIC with high Q factor appears at 
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Fig. 1. Resonant chiral metasurfaces. (A) Schematic of the nanostructures. (Inset) Orange area indicates 
DCM-doped PC film. (B to D) Top view and side view of unit cell with different deformation parameters of 


(B) @ = 0° and a = 0° (C) 8 = 2.5° anda = 


O° and (D) 6 = 2.5° and o = 8.5° (Bottom) The corresponding 


directions of polarization vector fields. The length and width of the TiO» bar are, respectively, L = 200 nm 


and W = 80 nm. 
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Fig. 2. Experimental demonstration of chiral metasurfaces. (A) Top-view SEM image of the sample. 

(B and C) The corresponding high-resolution top-view and side-view SEM images. (D) LCP and RCP 
transmission spectra in the normal direction. (E and F) The angle-dependent LCP and RCP transmission. 
The C-points are indicated with arrows. The deformation parameters are a = 8.5° and @ = 2.5° Scale bars, 
(A) 1 um; (B) and (C) 200 nm. 
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Fig. 3. Observation of chiral emission. (A) Spectra of (top) LCP and (bottom) RCP emissions in the normal 
directions. The fitted lines are shown with different colors. The shaded region is the target mode. 

(B) Fitted LCP component at the designed mode. The raw data (crosses and circles) depict the influence of 
neighboring modes. (€ and D) LCP and RCP angle-dependent emission spectra from the sample. The 
scale bars are the same in two subgraphs. (E) Angle-dependent DOP after spectral fitting. The pumping 
power density is fixed at 12 W/cm’. 
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the I-point (Fig. 1B). With an increase of 0, 
in-plane C2 symmetry gets broken, and BIC 
transforms to quasi-BIC with large but finite 
values of the Q factor. Meanwhile, the polar- 
ization vortex at the I-point splits into two 
circular polarization points (C-points) with 
opposite handedness (Fig. 1C) (27-23). Such 
C-points relate to external chirality that is 
strongly restricted in controlling light emission. 
They deviate from the maximal field enhance- 
ment around the I-point and lack far-field 
directionality, resulting in a small DOP and 
huge waste of emissions (29, 30). 

We show that the metasurface performance 
can be improved when out-of-plane C2 sym- 
metry is further broken by introducing the 
second asymmetry parameter, the tilting angle 
a (Fig. 1D). Interaction of field in two bars 
causes vertical offset and breaks both in-plane 
and out-of-plane symmetry (37). Then, two 
C-points become asymmetric in the momen- 
tum space, and intrinsic chirality appears at 
the I’-point (k,,a/2n = 0, where k,, is x direction 
wave vector). Numerical simulations show that 
the tilting angle o can precisely manipulate the 
positions of C-points in the momentum space 
(31). For 0 = 2.5°, a tilting angle of a = 8.5° 
can move C-points with right-handed circular 
polarization (RCP) and left-handed circular 
polarization (LCP) to k,a/2n ~ 0 and -0.038, 
respectively. 

The manipulation of C-points can be clearly 
seen in the transmission spectra, where the 
RCP and LCP transmission dip of the design 
mode diminishes at k,a/2n = 0 and -0.038, 
respectively (37). The calculated circular dichroism 
(CD) is as high as 0.994 at two points. Because 
of the gradual shift from the bottom of the 
band, the Q factor of chiral quasi-BIC reduces 
from Q = 40,000 at the I’-point to Q = 5000 at 
k,,a/2n = -0.038 (31). Thus, even though two 
generated C-points have similar absolute CD 
values, their ability to confine light and their 
impact on emission of light should be totally 
different (37). As a direct comparison, a neigh- 
boring mode without precise manipulation of 
C-points has very close LCP and RCP trans- 
missions, with an intrinsic CD of only -0.08. 

The resonant metasurfaces are fabricated 
with a combined process of electron-beam 
lithography, lift-off, and reactive ion etching 
(RIE) (32). Our design makes the metasurfaces 
independent of complicated three-dimensional 
nanostructures (26-28) and accessible with 
a one-step slanted RIE process. The top-view 
scanning electron microscope (SEM) image of 
TiO, bars is shown in Fig. 2A. The corresponding 
high-resolution top-view and side-view SEM 
images are shown in Fig. 2, B and C. The mea- 
sured structural parameters are length (Z) = 
195 + 5 nm, width (W) = 79 + 5nm, H =180 + 
5 nm, 0 = 2.5° and ao = 8.5 + 0.5° The de- 
signed metasurfaces were experimentally re- 
alized after coating TiO. bars with 180-nm 
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undoped PC (Aladdin) and 400-nm PMMA 
A2 layers. 

Transmission spectra of the metasurface 
were characterized with a homemade optical 
setup (31). The LCP and RCP transmission 
spectra in the normal direction are shown in 
Fig. 2D. For the designed mode, there is one 
resonant dip in LCP spectrum, whereas the 
RCP spectrum is almost flat. The full width at 
half maximum (FWHM) of the chiral quasi- 
BICs is only 0.49 nm, giving a Q factor of 1250. 
The corresponding intrinsic CD is around 
0.925 + 0.03 (31). The angle-dependent trans- 
mission spectra in Fig. 2, E and F, show that 
the RCP and LCP resonant dips diminish at 
k,a/2n = 0 and -0.036, confirming the RCP 
C-point at the I’-point. 

Then, we replaced the undoped PC film 
with 2-methyl-6-(4-dimethylaminostyryl)-4H- 
pyran (DCM)-doped PC film (37) and mea- 
sured photoluminescence from the metasurface 
under excitation of a continuous-wave laser 
diode with a beam diameter of 15 um. The 
LCP and RCP emission spectra in the normal 
direction are shown in Fig. 3A, top and bot- 
tom, respectively [the full spectra is provided 
in (3D). The fluorescence from the metasur- 
face consists of a series of narrow peaks. Both 
LCP and RCP emission spectra were well fitted 
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by considering the resonances of the metasur- 
face (31). Then, the target mode at 612.08 nm 
was extracted and plotted in Fig. 3B. It is 
dominated by LCP components, with negli- 
gible RCP emissions. Following the defi- 
nition of DOP = pee eee, the emission at 
the T-point has a DOP of almost 1, which 
is independent of the spin of the pump 
laser (31). 

In the angle-dependent photoluminescence 
from the metasurface (Fig. 3, C and D), both 
quasi-BIC mode and its neighboring resonance 
mostly emit in the normal direction, with di- 
vergent angles of 2.5° Such a divergent angle 
is more than an order of magnitude narrower 
than conventional photoluminescence and 
comparable with that of laser emissions (20). 
Compared with the neighboring mode, the 
quasi-BIC with its C-point in the vicinity of the 
T-point exhibits an obviously chiral response. 
It is dominated by LCP fluorescence, whereas 
RCP emission is at the noise level. The corre- 
sponding DOP around the I’-point is near unity 
and covers a small angular range of 2.5° (Fig. 3E). 
These observations are consistent with the 
above analysis and confirm the capability of 
chiral metasurface in simultaneous control of 
spectrum, radiation pattern, and spin angular 
momentum of light emission. 


_ 
o 
x 


Integrated intensity (a.u.) 7 
or 
x 


a i] 
@Booooooo 0 


oO 


0 20 40 60 80 
Pumping density (mJ/cm*) 
D 63 
—€ 
c 
— 620 
re) 
c 
2 
2610 
Gy) 
= 


00.02 
aie, 


Fig. 4. Observation of chiral lasing. (A) LCP (solid lines) and RCP (dashed lines) emission spectra in the 
normal direction. The pumping densities are 16.5 mJ/cm? (bottom) and 58.9 mJ/cm* (top), respectively. 
(B) Dependence of output intensity of LCP (dots) and RCP (open squares) on the pumping density. (Insets) 
The near-field optical image before and after the threshold. The white circles and squares indicate the 
pumping laser beam and edges of the sample, respectively. (©) Absolute DOP (dots), fitted DOP (crosses), 
and FWHM (squares) of LCP emission as a function of excitation fluence. (D) Far-field angular intensity 


distribution of the chiral microlaser. 
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The near-unity intrinsic chirality and field 
enhancement at quasi-BICs are also applicable 
to ultracompact chiral lasing (37). By pumping 
the samples with a nanosecond laser (beam 
diameter of 30 um), light emissions from 
resonant metasurfaces have been explored. 
The LCP and RCP emission spectra are de- 
picted in Fig. 4A at different pumping den- 
sities. When the pumping density is low, the 
characteristics of light emission are similar to 
those in Fig. 3, and the fluorescent microscope 
image displays a uniform background. At high 
pumping fluence, the intensity of the LCP 
mode at 612.08 nm increases dramatically and 
dominates the emission spectrum. Meanwhile, 
bright spots appear in the fluorescent micro- 
scope image. The dots in Fig. 4B indicate the 
integrated output intensity of LCP components 
as a function of pumping density. A dramatic 
increase of intensity can be seen at the pump- 
ing density above 22.14 mJ/cm?. The open 
squares in Fig. 4C indicate the power-dependent 
FWHM of the LCP peak. Associated with the 
dramatic increase in output intensity, the line 
width of emission peak reduces from 1.0 to 
0.18 nm at the transparent threshold, giving a 
Q factor of 3400. The dramatic changes in 
spectrum, FWHM, near-field image, and inte- 
grated intensity have confirmed the lasing 
actions in resonant metasurface. 

Compared with spontaneous emission, laser 
emission at chiral quasi-BICs can have better 
performances. As stated above, the LCP com- 
ponent experiences an exponential growth 
above the transparent threshold. The RCP 
emission looks completely different. Because 
of the depletion of |E| {cp at the I'-point, where 
Eis electric field in DCM-doped PC, the RCP 
emission appears as fluorescence and will 
not reach the laser threshold (Fig. 4B, open 
squares). Consequently, the difference be- 
tween LCP and RCP emissions increases dra- 
matically above the threshold. Meanwhile, the 
gain competition can effectively suppress other 
modes, with higher thresholds resulting in the 
single-mode operation. The DOP value, termed 
as absolute DOP below, will not be affected by 
the neighboring modes and noises and thus 
can be directly calculated from the spectra. 

The advanced characteristics are shown 
clearly in Fig. 4A. The absolute DOP of emis- 
sion from the resonant metasurface above a 
threshold is as high as 0.989 + 0.02. The dots 
in Fig. 4C indicate the absolute DOP values 
of the chiral microlaser as a function of the 
pumping density. The absolute DOP value 
increases rapidly around the transparent 
threshold saturating at 0.948 to 0.989. This 
DOP is almost the same as the DOP calculated 
with spectral fitting (Fig. 4C, crosses). Besides 
the values of the Q factor and DOP, the far- 
field directionality of emission is also improved. 
The gain competition can concentrate almost 
all the energy to the mode with the highest 
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Q factor and substantial field enhancement. 
As a result, the divergent angle is further 
reduced from ~2.5° to ~1.06° above the thresh- 
old (Fig. 4D). 

Compared with previous reports (7, 8, 14, 16), 
our resonant metasurface exhibits better per- 
formances in terms of DOP, directionality, and 
Q factor (table S1) that are retained over a wide 
range, from photoluminescence to lasing (table 
§2). This approach may improve the design of 
current sources of chiral light and boost their 
applications in photonic and quantum systems. 
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SOLID-STATE PHYSICS 


Spin-selective tunneling from nanowires of the 
candidate topological Kondo insulator SmBg 


Anuva Aishwarya’, Zhuozhen Cai?, Arjun Raghavan’, Marisa Romanelli!, Xiaoyu Wang’, Xu Li?, 
G. D. Gu*, Mark Hirsbrunner’, Taylor Hughes’, Fei Liu>*, Lin Jiao'2*, Vidya Madhavan** 


Incorporating relativistic physics into quantum tunneling can lead to exotic behavior such as perfect 
transmission through Klein tunneling. Here, we probed the tunneling properties of spin-momentum-locked 
relativistic fermions by designing and implementing a tunneling geometry that uses nanowires of the 
topological Kondo insulator candidate samarium hexaboride. The nanowires are attached to the end 

of scanning tunneling microscope tips and used to image the bicollinear stripe spin order in the 
antiferromagnet Fe; o3Te with a Neel temperature of about 50 kelvin. The antiferromagnetic stripes 
become invisible above 10 kelvin concomitant with the suppression of the topological surface states in the 
tip. We further demonstrate that the direction of spin polarization is tied to the tunneling direction. Our 
technique establishes samarium hexaboride nanowires as ideal conduits for spin-polarized currents. 


direct consequence of the nontrivial 

topology of Z, topological insulators 

(TIs) is the existence of an odd num- 

ber of spin-momentum-locked bound- 

ary modes with Dirac dispersion (1). 
When the Fermi energy is tuned inside the 
bulk band gap, transport is dominated by 
the Dirac surface states, and marked topo- 
logical phenomena can be observed. In this 
scenario, spin-momentum locking coupled 
with Dirac dispersion dictates that the net 
current traveling in a given direction must be 
spin polarized; currents traveling in opposite 
directions carry opposite spin. The high spin- 
charge conversion efficiency, and the topo- 
logical protection of the boundary states, 
make TIs particularly interesting for appli- 
cations in “topological spintronics,” as well 
as for quantum technologies such as con- 
trolling qubits (2-4). To date, many exotic 
phenomena have been realized in magnet- 
ically doped TIs or TI heterostructures, such 
as the quantum anomalous Hall effect (5), the 
topological magnetoelectric effect (6), and the 
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large spin-orbit torque effect (7). TI boundary 
modes are also ideal platforms with which to 
explore the unique tunneling properties of 
relativistic fermions. 

In practice, a substantial bottleneck to using 
TIs both for fundamental studies and applica- 
tions is the fact that many semiconductor- 
based TIs suffer from intrinsic defects that 
cause self-doping, which moves the Fermi 
energy into the bulk bands. There has there- 
fore been a tremendous impetus to study 
interaction-driven topological phases in which 
the Fermi level is naturally pinned to the 
topological band gap. To this end, topological 
Kondo insulators (TKIs) have been proposed 
as ideal topological systems in which surface 
Dirac fermions naturally dominate the density 
of states near Fermi level (8). In TKIs, the 
lattice Kondo effect leads to the emergence 
of a low-energy, correlation-driven heavy band, 
which hybridizes with another light band 
crossing the Fermi energy, leading to a Kondo 
hybridization gap (9). A concomitant band 
inversion results in the formation of topolog- 
ical surface states (TSS) within this gap. The 
material samarium hexaboride (SmBg) (Fig. 
1A) has been proposed as a TKI and exhibits 
the following phenomenology (9). At high 
temperatures, SmBg is a Kondo metal. Below 
the bulk Kondo coherence temperature (7x) of 
~50 K, the hybridization between the emer- 
gent heavy f band and the light d bands opens 
a Kondo gap (Fig. 1B, schematic), which be- 
comes better defined with decreasing temper- 
ature (10-14). Scanning tunneling microscopy 
(STM) studies have shown that, below 10 to 


science.org SCIENCE 


RESEARCH | REPORTS 


Fig. 1. Morphology, crystal struc- 
ture, and electronic structure of the 
SmB, nanowire tip. (A) Crystal struc- 
ture of SmBg showing the cubic lattice 
of Sm atoms with octahedrons of 
boron at the center. (B) Schematic 

of the band structure of SmBg showing 
the hybridization-induced gap between 
the 5d and 4f bands. The blue 

shaded region represents the 

Kondo gap, and the cyan and pink 
ines indicate the TSS. The colors 
epresent opposite spin orientations. 
(C) High-resolution SEM image of the 
nanowires on a silicon substrate. Inset: 
magnified image of a nanowire. Scale 
bar, 200 nm. (D) High-resolution 
false-colored SEM image of the 

nanowire tip showing the nanowire 
bonded to a trimmed W tip. (E) Sche- 
matic of the STM circuit showing the 
nanowire tip and the sample. 


0 EE 64 pm 


Fig. 2. Atomic-resolution imaging of antiferromagnetic stripes in Fe;,,Te 
with SmBg nanowire tip. (A) Crystal structure showing one layer of Fe,,,Te 
made of an iron (Fe) layer sandwiched between two Te layers. (B) Schematic 
of the ab plane of the lattice with the overlay of the spin structure showing 
the in-plane antiferromagnetic order. The periodicity of the antiferromagnetic 
order and the lattice are labeled as aac and ate, respectively. (C) Schematic 
of the Te lattice is depicted by the orange spheres (top) and AFM order 
(bottom). Topography obtained with a W tip (top) and a spin-polarized Cr tip 
(bottom). The schematic and topography are not the same size. Scale 

bar in each topography, 1 nm. (D) STM topography obtained with a 
spin-averaging W tip (Vpias = 20 mV, | = 60 pA, T = 4.3 K). (E) STM 
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15 K, “heavy” surface states develop within 
the Kondo gap (J5, 16). The observation of 
the surface states at far lower temperatures 
(~10 K) than Tx suggests that the surface 
Kondo temperature may be lower than Tx 
(5, 17). The topological nature of the surface 
states is supported by the observation of a 
series of phenomena (J8), e.g., nonlocal trans- 
port (79, 20), enhanced spin pumping (27), 
the Edelstein effect (22, 23), chiral edge modes 
(24), spin-momentum locked spin textures 
for the surface states (25), and the Klein para- 
dox (26). Despite these studies, the topological 
origin of the surface states remains controver- 
sial (27). If the surface states were indeed 
topological, then the presence of isolated TSS 
within a bulk band gap that straddles the 
Fermi energy would make SmBg an excellent 
system for harnessing the properties of Dirac 
electrons. 

In this work, we used a unique tunneling 
geometry to reveal a distinctive tunneling 
process that we call helical tunneling. The 
term “helical” refers to a direction-dependent 
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topography obtained with the SmBg tip at Vgias = 20 mV, / = 60 pA, T= 4.3 K 
showing well-defined spin contrast. (F and G) FFT of the topographies 

in (D) and (E), respectively, showing only the Bragg peaks from the Te lattice 
(dre) in (F) and the presence of a strong signal from the antiferromagnetic 
ordering (qarm) along with the gre in (G). (H) Average d//dV spectroscopy 
obtained on Fe;,,Te at T = 1.7 K (Vpias = 50 mV, | = 120 pA). In (H) and (1), the 
highlighted gray region shows the feature in the DOS associated with the 
topological surface state. (I) d//dV line cut across one period of the AFM 
stripe (red to blue to red) showing the modulation of the TSS peak as a 
function of position. Inset shows the topography and the gray arrow shows 
the line where the spectra were obtained. Scale bar, 1 nm. 
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Fig. 3. Temperature dependence showing diminishing spin contrast. (A to 
D) STM topography on Fe;,,Te at the labeled temperatures obtained in the same 
field of view (Vgias = 40 mV, | = 40 pA). Blue circles denote the same defect in all 
frames. (E and F) Comparison of FFTs of (A) and (D) to illustrate the 
disappearance of the qarw at 10.7 K, far below the antiferromagnetic Tc. A 


spin polarization akin to the spin-momentum 
locking of helical edge states of a quantum 
spin Hall insulator. We show that the tun- 
neling electrons from SmBg nanowires are 
spin polarized, with the direction of spin 
polarization being tied to the direction of 
tunneling. To achieve this, we used focused 
ion beam-based nanofabrication techniques 
to harvest and attach SmBg nanowires to the 
ends of etched tungsten wires typically used 
as STM tips (see fig. S1) (28). The nanowires 
used in this work were grown on silicon (Si) 
substrates. They have diameters ranging from 
60 to 100 nm and average lengths of ~50 um 
(Fig. 1C, inset, and D). The growth procedure 
is described in detail elsewhere (29). The 
nanowires grow along the [001] direction and 
terminate laterally at high-symmetry facets 
such as (001). The larger-diameter nanowires 
that we used typically contain multiple large 
facets in which the electronic structure is ex- 
pected to be similar to the surfaces of bulk 
SmBg. Given that the penetration depth of TSS 
in SmBg is <30 nm, our SmBg nanowires are 
sufficiently thick to host TSS (27, 26). 
Mounting SmBg nanowires on tungsten tips 
is a two-step process that uses the omniprobe 
inside the focused ion beam + scanning elec- 
tron microscopy (SEM) dual-beam system (28). 
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The nanowire tips thus prepared are trans- 
ferred to the STM (Fig. 1E shows a schematic 
of the tunneling setup). For benchmarking, 
we first characterized the tips on a Cu(111) 
single-crystal sample (see figs. S2 and S3) (28). 
Using the facts that the STM d//dV spectrum 
is a convolution of tip and sample density of 
states and that Cu(111) has a flat density of 
states near the Fermi energy, we could isolate 
the density of states of the nanowire tip. The 
data verify that the nanowire tip hosts surface 
states similar to bulk SmBg. 

On the basis of these observations, we ex- 
pect the surface states to play a key role in 
the tunneling characteristics of the nano- 
wire tips. In particular, the spin-momentum 
locking of topological surface states may re- 
sult in spin-polarized currents. To determine 
the spin polarization of the tunnel current, we 
studied iron telluride (Fe,,,Te), which is a 
bicollinear antiferromagnet (AFM) for x < 
0.11 (Fig. 2A). Fe,,,Te has been extensively 
studied by spin-polarized STM, and it is well 
established that the atomic-scale AFM order 
can be observed with a traditional magnetic 
tip, where it presents itself as stripes with 
double the tellurium (Te) periodicity (30-32) 
(Fig. 2, B and C). Because of the matrix element 
effects, tunneling is favored between spin paral- 
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Gaussian background has been subtracted from the center to improve 
visualization of the q vectors. (G) Plot of the ratio of the intensity of the signal 
from qarm to the Bragg peak (qre) as a function of temperature. Black dashed 
line is a guide to the eye. The spin contrast signal from the AFM stripes is highly 
suppressed at ~10 K, similar to the behavior of the topological surface state. 


lel states and suppressed between spin antipar- 
allel states (33). 

For our STM studies, Fe,,,Te (nominal x = 
0.03) single crystals were cleaved at ~90 K 
before inserting them into the STM head. 
Shown in Fig. 2H is an average d//dV spectrum 
obtained on Fe,,,;Te at 1.7 K. With SmB, on the 
tip, we observed a peak on the opposite side of 
Ey compared with spectra on bulk SmBg (see 
comparison with bulk spectrum in fig. S4) 
(28). This demonstrates the existence of the 
surface states on the tip. We then used this tip 
to obtain topographic images of Fe;,,Te. In 
contrast to topography using a tungsten (W) 
tip (Fig. 2D), which shows the expected square 
Te lattice of the top layer with a lattice con- 
stant of 3.8 A, the images with the SmB, nano- 
wire tips show stripes (Fig. 2E). The double 
periodicity of the observed pattern is the same 
as the spin modulation of the striped AFM 
order (Fig. 2G), and the image is consistent 
with the spin-dependent contrast seen in sev- 
eral previous STM studies using magnetic tips 
(30-32). This phenomenology was confirmed 
using multiple nanowire tips (fig. S5) (28). Be- 
cause it is well established that spin-dependent 
spatial contrast in STM images arises from 
the tunneling of spin-polarized electrons, the 
observed spin contrast directly indicates that 
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Fig. 4. Helical tunneling with a SmBg, nanowire tip: Contrast reversal at 
opposite bias voltages. (A and B) STM topographies of Fej.,Te obtained 

in the same area at +30 mV (-30 mV) and using an SmBg tip at T = 4.3 K. 
(C) Height profile of the topography along gray dashed lines in (A) (red curve) 
and (B) (blue curve). The red curve is shifted vertically for clarity. The dotted 
lines correspond to the peaks of the red curve and dips of the blue curve, 
indicating a n-phase shift of the stripes between the positive and negative bias 
scan. (D) Illustration of the tunneling geometry used for the quantum tunneling 
simulation from the TSS to a normal metal. Without loss of generality, we have 
assumed the tip to be a 2D metal with just one branch of spin-momentum-locked 


the SmBg nanowire tips act as a source of 
spin-polarized currents. 

As a first check of the possible involvement 
of the surface states in generating the spin- 
polarized currents, we measured the tem- 
perature dependence of the observed spin 
contrast. Previous transport and spectroscopic 
experiments on bulk SmBg have revealed the 
attenuation of the Dirac surface states in SmBg 
with increasing temperature and a transition 
from surface-dominated to bulk-dominated 
regime around 10 to 14 K (5, 16, 34, 35). 
Figure 3, A to D, shows the temperature- 
dependent topographies of Fe,,,Te in the 
same field of view. The AFM order can be seen 
clearly at lower temperatures. However, at 
~10 K, the striped signature of the AFM order 
disappears, leaving behind only the atomic 
corrugation of the Te lattice. This is also 
clearly seen in the fast Fourier transform 
(FFT) (Fig. 3, E and F). We obtained similar 
results with two other nanowire tips (fig. S6) 
(28). Upon cooling down, the AFM order reap- 
peared (fig. S7) (28). Given that the Neel tem- 
perature (Ty) for Fe;.o3Te is ~50 to 60 K, the 
disappearance of magnetic contrast around 
~10 K must be caused by a change in the 
nanowire tip. In fact, previous STM images 
obtained with magnetic tips continued to 
show AFM order all the way to 45 K (30). In 
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addition, we investigated the same samples 
with canonical spin-polarized Cr tips, which 
continued to show clear AFM stripes at 10 K 
(see fig. S8) (28). 

Although the temperature dependence sug- 
gests a causal relationship between the presence 
of the surface states and the spin-polarized 
contrast (fig. S9) (28), there may be other 
explanations for the temperature dependence. 
For example, metallic Sm is AFM in nature 
and has a Ty of ~14 K (36), so a Sm cluster on 
the tip might create spin-polarized currents 
that mimic this temperature dependence. To 
distinguish between these scenarios, we explored 
how spin-momentum-locked tunneling of Dirac 
electrons is different from typical magnetic tips. 
We calculate the spin-resolved transport coef- 
ficients for tunneling between a normal two- 
dimensional (2D) metal and a 2D band of 
spin-momentum-locked, singly degenerate lin- 
early dispersing states (Fig. 4D, schematic). A 
Zeeman term was used to open a gap in the 
inner band of 2D Rashba states, which mimics 
tunneling from a 2D Dirac band. The trans- 
mission coefficient with an infinitesimal bias 
voltage is equivalent to the differential con- 
ductance, and as is usual in tunneling, the sign 
of the bias voltage dictates the direction of 
travel of the tunnel current. The net spin polar- 
ization of the tunneling electrons going from 
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states crossing the Fermi energy and the sample to be a normal metal with 
spin-degenerate bands (28). In reality, the sample has AFM stripes arising 

from the Fe lattice, which is visualized by the spin-polarized currents from the 
tip. (E) Absolute magnitude of the FFT of the topography shown in (B) showing 
the peaks associated with qre (yellow) and qarm (cyan). (F) Phase-referenced 
FFT between the topographies shown in (A) and (B), with the same peaks 
highlighted in cyan and yellow. The relative phase amplitude is negative at qarm, 
indicating a x-phase shift of the stripes originating from helical tunneling. 

(G) Line cut across the phase-referenced FFT [indicated by gray dashed line in 
(F)] illustrating the sign change between qre and qaem. 


left to right (jp) and right to left (Up.1) is 
plotted in fig. SIOB (28). The calculations show 
two important features: (i) The tunnel current 
is indeed spin polarized and (ii) the spin 
polarization reverses when the direction of 
tunneling is reversed (helical tunneling). Such 
a reversal of spin polarization is neither ex- 
pected nor observed for conventional magnetic 
tips (37), suggesting an unambiguous way to 
test the involvement of the surface states in 
generating spin-polarized currents by checking 
whether the currents are oppositely polarized at 
opposite bias. 

From the discussion above, a “smoking gun” 
proof of the proposed helical tunneling would 
be the observation of contrast reversal of the 
observed AFM stripes at opposite tip bias 
voltages. Shown in Fig. 4, A and B, and in fig. 
S11 (28) are images in the same area obtained 
at positive and negative biases with a nano- 
wire tip. The line cuts of the two images (Fig. 
4C) show a reversal of the AFM contrast, 
indicating that the opposite spin channel is 
selected by the tunneling electrons upon 
switching the sign of the bias voltage. To 
better establish that this contrast reversal is 
pervasive over the whole image, we performed 
phase-referenced FFT (38) (see fig. S12 for 
the analysis method) (28). As shown in Fig. 
4, F and G, we observed a negative value for 
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the relative phase amplitude at the antifer- 
romagnetic ordering vector (dar), establish- 
ing a n-phase shift of the stripes at opposite 
biases. This contrast reversal was robust 
against thermal cycling (fig. S13) (28). More- 
over, as expected, such contrast reversal was 
not observed for spin-polarized Cr tips [fig. 
S14 (28) and see (38)]. 

Combined with the temperature depen- 
dence, the contrast reversal at opposite bias 
voltages suggests that the topological sur- 
face states participate in generating the spin- 
polarized tunneling currents observed in our 
experiment. Although there are different fac- 
ets on the nanowires, we expect the junction 
to be formed at the bottom of one of the 
side crystal planes (see schematic in fig. S15) 
(28). This is important because an equal aver- 
age over all facets would lead to zero net 
spin polarization. Indeed, the macroscopic 
W wire, which hosts the nanowire, is slid into 
the tip holder and tightened by a set screw, 
which always causes a tilt, and this natural- 
ly results in the tunnel junction being formed 
at one of the side facets (see schematic in fig. 
S15) (28). 

Further support for the involvement of the 
surface states was obtained by directly measur- 
ing how the low-energy features associated 
with the SmBg surface states change across 
the AFM stripes. Shown in Fig. 21 is a spectro- 
scopic line cut across one period of the AFM 
stripe. We found that the amplitude of the 
low-energy features associated with the surface 
state changed periodically as the tip was moved 
across an AFM stripe. This change in intensity 
is a result of changes in the tunneling prob- 
ability caused by the different relative orienta- 
tions of the tip-surface state electron spin and 
the sample spin. This scenario of TSS-mediated 
helical tunneling will survive even with the 
weak surface magnetism that has been ob- 
served in SmBg at millikelvin temperatures 
(24). It has been suggested that the TSS may 
mediate a ferromagnetic RKKY interaction 
among magnetic impurities on the surface, 
giving rise to this surface magnetism (39). 
However, because the Dirac surface states are 
generated by the nontrivial topology of the 
bulk, weak surface magnetism would simply 
open a small (<1 meV) gap at the Dirac point, 
leaving the remainder of the helical tunneling 
physics outside of this energy window un- 
changed. This would not be at odds with any 
of our observations. 

In summary, the reduced dimensionality 
and geometry of the nanowire tips allowed us 
to study the tunneling properties of a candi- 
date TKI. Our observations and calculations 
show that the spin polarization of the tunnel 
current is insensitive to the position of the 
Fermi energy relative to the Dirac point and 
only depends on the direction of tunneling. 
These unique properties of spin-momentum- 
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locked Dirac fermions may be used directly for 
manipulating spin currents in the field of 
spintronics. In addition, magnetic contrast at 
surfaces or local defects can be detected with 
atomic resolution without using external mag- 
netic fields, as would be necessary in a tradi- 
tional spin-polarized STM. Equally important, 
our technique of mounting nanowires on the 
STM tip opens up avenues for using topological 
nanowire tips for devices and heterostructures 
(40, 41). As an example, a proximitized topo- 
logical nanowire in a vertical magnetic field 
would host Majorana fermions at the end, 
effectively making a Majorana tip. This may 
then be used for directly studying interactions 
as a function of distance between two Majorana 
modes (one on the nanowire tip and the other 
on the sample), which has proven difficult to do 
so far. Finally, scanning probe microscopy using 
unconventional tips is a burgeoning field in 
the study of quantum materials for nanoscale 
magnetic imaging (42, 43). Our work thus 
opens many avenues for using various kinds 
of functionalized nanowires as STM tips 
(superconducting, topological, etc.) for atomic- 
resolution imaging to provide nanoscale infor- 
mation on different materials properties such 
as magnetism, superconductivity, and other 
emergent excitations. 
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HYDROFORMYLATION 


Hydroformylation catalyzed by unmodified cobalt 
carbonyl under mild conditions 


Baoxin Zhang", Christoph Kubis’, Robert Franke”>* 


Hydroformylation with unmodified cobalt carbonyl catalyst plays a crucial role in industrial production 
of surfactants and plasticizers. However, syngas pressures of 100 to 400 bar with reaction temperatures 
of 100° to 250°C are typically applied. We report here that unmodified cobalt carbonyl is a stable 
hydroformylation catalyst at 140°C under 30 bar of syngas. The activity was comparable to that of 
recently reported bisphosphine-coordinated cobalt(II) catalysts, which we could not reproduce under the 
reported conditions. Kinetic and in situ infrared spectroscopic studies confirmed the stability of the 
unmodified cobalt tetracarbonyl hydride [HCo(CO),]. Branched internal olefins were converted to 
aldehydes with high regioselectivity under low syngas pressures without phosphorus ligands. 
Bisphosphines had a small promotional effect on the catalyst at phosphorus-to-cobalt loading ratios 


below 0.6. 


he preferred route to aldehydes in indus- 

trial organic chemistry is hydroformyla- 

tion, the catalytic addition of synthesis 

gas (a mixture of H, and CO) to olefins 

(1). The resulting aldehydes are starting 
materials for numerous important bulk and 
fine chemicals (2-4). The reaction is homoge- 
neously catalyzed by cobalt and rhodium com- 
plexes (5). The hydroformylation of short 
olefins is nowadays carried out almost exclu- 
sively using rhodium catalysts modified with 
phosphorus ligand, which achieve high chemo- 
and regioselectivities under comparatively 
mild conditions (6-10). However, processes 
based on cobalt catalysts dominate the pro- 
duction of aldehydes from longer-chain, espe- 
cially highly branched olefins with internal 
double bonds (77). 

At reaction temperatures (usually 100° to 
250°C), the stability of the active catalyst, 
HCo(CO),, is sensitive to the CO partial pres- 
sure (72, 13). Thus, the applied syngas (H»:CO = 
1:1) pressure in industry is between 100 and 
400 bar. It is believed that under the reaction 
conditions, HCo(CO), decomposes through 
the loss of one coordinated carbonyl group, 
which leads to combination with HCo(CO), 
at the free coordination site (74). Release of 
H, and coordination by another CO ligand 
then produces Co.(CO)s. The cobalt dimer 
can also catalyze the dimerization of HCo 
(CO), through a radical mechanism (75-18). 
If the CO partial pressure is insufficient to 
stabilize the accumulated Co.(CO)g, this com- 
plex will lose further CO ligands to produce 
inactive multinuclear Co clusters and even 
Co metal. 
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Phosphine ligands can substantially im- 
prove the stability of the cobalt complexes 
(19) but nevertheless also decelerate the cat- 
alysis (20). Higher temperatures, usually 160° 
to 200°C, are required to activate the disso- 
ciation of carbonyl from the hydridocobalt 
complex, initiating the catalytic cycle. The 
electron-rich phosphines also increase the hy- 
drogenation tendency of the catalyst. These 
drawbacks were putatively overcome recent- 
ly by a cationic Co(II) system modified with 
bisphosphines, reported by Stanley and co- 
workers (27). This Co complex catalyzed hydro- 
formylation of 1-hexene under comparatively 


[Cat.] 1 mM 
NNN te aaa 
140 °C 
i 50 bar H/CO 


YD". 


mild conditions (50 bar, 140°C). We sought to 
repeat the same experiments in our laboratory. 
However, we could not reproduce the results 
from Stanley’s group. Unexpectedly, we found 
that unmodified HCo(CO),4, which is com- 
monly considered unstable under 30 to 50 bar 
of syngas at 140°C, could perform hydrofor- 
mylation under these mild conditions, without 
appreciable decomposition during the reac- 
tion. The new system has a high tolerance for 
cobalt precursors. Common cobalt sources 
of various oxidation states—e.g., Co2(CO)s, 
Co(acac)s, etc.—are suitable to generate the 
active HCo(CO),. Under the same conditions 
as those of Stanley's system, the unmodified 
catalyst showed very similar activity and n- 
selectivity for the same substrate. 

Because in industrial practice, the unmodified 
cobalt catalyst is mostly applied in the hydro- 
formylation of internal olefins with long and 
branched carbon chains, for which usually 
harsh conditions (i.e., pressures above 100 bar 
and temperatures above 150°C) are required 
owing to the low activity of these substrates, 
studies reporting catalysis with phosphorus- 
free cobalt carbonyls under mild conditions 
are rare. Until now only one patent published 
in 1956 mentioned that the unmodified cobalt 
catalyst was still active below 50-bar syngas 
pressure when the reaction temperatures were 
between 90° and 150°C (22). Nevertheless, a 
catalyst preformation step is required at higher 
pressures of 175 to 250 bar. The capacity of 
HCo(CO), to catalyze hydroformylation at low 


AAs ° 


 S 
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Co,(CO),: 1-octene 
Co,(CO),: aldehyde 
Co(acac) ,: 1-octene 
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Yield / % 


0 
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Fig. 1. Conversions of substrate and product formation with different catalyst precursors for hydro- 
formylation. Substrate: 1-octene (A), 1-hexene (B). Conditions: 1 mM Co (61 ppm), 1 M olefin, 140°C, 50 bar 
syngas (H2:CO = 1:1). Catalyst preformation at 160°C, 50 bar syngas for 30 min. For (B), 1-hexene was 
dissolved in tetraglyme with Co(acac)s as precursor. Dots: experimental data; lines: exponential fits. The 
complete experimental data are listed in tables S4 to S7. 
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pressure was reported in the interim by aca- 
demic groups. Banerjee et al. reported in 1981 
that cyclohexene was hydroformylated in the 
presence of the unmodified cobalt catalyst at 
50 bar and 130°C, producing the correspond- 
ing aldehyde in 20% yield (23). Bourne and co- 
workers showed in 1992 that using Cos(CO)g 
as precatalyst, propylene could be converted to 
aldehyde at CO partial pressures in the 10- to 
75-bar range with a constant H, partial pres- 
sure of 25 bar, at 110° to 150°C (24). Hydrofor- 
mylation of 1-pentene (25, 26) and 1-hexene 
(20, 27, 28) by Co2(CO)g under 30 to 50 bar of 
syngas was reported with activities that were 
dependent on solvent, catalyst concentration, 
temperature, and reaction time. The unmodi- 
fied cobalt carbonyl was also moderately 
active in hydroformylation of functionalized 
alkenes such as vinyl acetate (29) and 3,4- 
dihydro[2H]pyran (30) under mild conditions. 
However, none of these previous studies 
thoroughly characterized the active catalytic 
species or the full extent of its stability. We 
rigorously establish herein the underappre- 
ciated stability of the unmodified hydridoco- 
balt catalyst. 

A variety of cobalt sources can serve as 
catalyst precursors, converted in solution to 
HCo(CO), upon reaction with syngas (Fig. 1). 
We have chosen three precursors that are 
representative of common cobalt species of var- 
ious oxidation states and charges: Co.(CO)g., 
Co(acac), (acac’ = acetylacetonate anion), and 
[Co,p(acac)n(CyHg02)n.](BF4);n (Col). The latter 
was prepared by adding one equimolar HBF, 
into a Co(acac), solution in 1,4-dioxane (2), 
which is similar to the cationic cobalt precur- 
sor used in the system of Stanley’s group. Its 
structure and preparation procedure are shown 
in the supplementary materials (section Exper- 
imental). Their catalytic performances are sum- 
marized in Table 1. 

The unmodified cobalt catalyst produces the 
aldehyde from 1-hexene in a yield of 74.1% 
within 2 hours (entry 4), 56.5% of which was 
transformed after 1 hour at a linear-to-branched 
(Yb) ratio of 1.5. The activity and n-selectivity 
remained the same independent of the catalyst 
precursor under conserved conditions. There 
was no decomposition of the catalyst during 
the reactions, according to an in situ infrared 
(IR) spectroscopic reaction monitoring (Fig. 2). 
These results show a catalytic performance 
comparable to that of the cationic Co(ID bis- 
phosphine catalyst recently reported by Stanley 
and co-workers (27). Nevertheless, they contradict 
Stanley’s finding that HCo(CO),, decomposes 
to cobalt metal under the “medium-pressure 
conditions” reported there, which are the same 
conditions applied here. We will address the 
identification of HCo(CO), in our system and 
its stability under the mild conditions in the 
following parts of this article. Furthermore, the 
catalyst is also active for mixtures of internal 
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olefins (entry 16). The n-selectivity remained 
almost unchanged, which we attribute to the 
strong isomerization activity of the cobalt 
complex (31). 

Lower temperature favors linear aldehydes 
in 1,4-dioxane (entries 8 to 10, Table 1), which 
is in accordance with the observation of Stanley 
and co-workers. According to the mechanism 
proposed by Heck and Breslow (32, 33), the 
catalytic cycle starts with the carbonyl disso- 
ciation from HCo(CO),, affording HCo(CO)3. 
From the latter, an alkyl cobalt complex 
RCo(CO), is formed after CO addition, the 
structure of which is energetically more fa- 
vorable for the linear product. (34) Mean- 
while, a decreased CO solubility caused by 
lower temperatures (35) facilitates B-H elim- 
ination of the alkyl complex (36, 37). As a 
result, 1-octene was released from the iso- 
alkyl complex. The better n-selectivity is 
therefore ascribed to both thermodynamic 
and kinetic factors. Lower CO concentrations 
not only shift the equilibrium between HCo 
(CO), and HCo(CO)s in the reaction solution 
(73), but also alter the relative rates of the 
alkene isomerization and carbon monoxide 
addition and insertion. 

We undertook kinetic studies to confirm 
the assumption that the same active catalyst, 
namely HCo(CO),4, accounts for the hydro- 
formylation results under our mild conditions, 
in spite of the different precursors employed. 
Concentration profiles of substrate as well as 


products of the hydroformylation of 1-octene 
were investigated by reaction sampling and gas 
chromatography analysis. Three precursor- 
solvent systems were selected for compari- 
son: (i) Coo(CO)g in n-heptane; (ii) Co(acac). 
in 1,4-dioxane; and (iii) Col in diglyme. The 
results are shown in Fig. 1A. 

To ensure that the catalyst was fully ac- 
tivated, a 30-min preformation was conducted 
by treating the precursor with 50-bar syngas at 
160°C before alkene injection. (The preforma- 
tion period was determined through in situ 
IR spectroscopy, Fig. 2C.) The system with 
Co2(CO)g in n-heptane was chosen as the 
benchmark, because it undoubtedly forms 
HCo(CO),. As expected, the rates of olefin 
consumption and aldehyde production of the 
three systems differ only slightly, which we 
attribute to variations of gas solubility in 
different solvents. The fact that similar yields 
and n-selectivities were obtained at each time 
point supports our conjecture that all the three 
precursors lead to the same active species, HCo 
(CO),. An observed first-order decay of olefin 
gives Kops of 0.0140, 0.0146, and 0.0171 min’ with 
the adjusted coefficient of determination R? of 
0.99865, 0.99957, and 0.99968, respectively. The 
initial turnover frequencies (TOFs) determined 
at the second minute are 11.3 min for Co.(CO)g 
in n-heptane, 12.8 min‘ for Co(acac)s in 1,4- 
dioxane, and 14.9 min“ for Col in diglyme. 
All are in the typical range of TOFs for the un- 
modified Co(I) catalyst (5 to 20 min’) (27). 


Se 
Table 1. Hydroformylation of linear olefins by cobalt catalysts. Conditions: 50-bar syngas (H2:CO = 
1:1). The catalyst was preformed at 160°C under 50-bar syngas for 5 min. Then the reaction mixture was 
cooled to operating temperatures before substrate injection. 


Entry Precursor Substrate Solvent 


1 Coz(CO)g _‘1-Octene 


n-Heptane 


Co(acac)s 


6 Co(acac)> 


[Co] (mM) T(°C) t (min) 


Aldehyde n-Aldehyde 
(%) (%) 


140 180 62.7 54.7 


40 60 43.1 57.9 


9 Co(acac)s 


-Octene Diglyme 


*The catalyst was preformed at 160°C and 50-bar syngas for 30 min. +3.3% l-octene, 48.4% Z/E-2-octene, 29.2% Z/E-3- 
octene, 16.4% Z/E-4-octene, 2.1% skeletal Cg-olefinic isomers, 0.6% n-octane. 


science.org SCIENCE 


RESEARCH | REPORTS 


This notable activity of the unmodified co- 
balt catalyst under mild conditions prompted 
us to conduct a direct comparison with the 
recently published bisphosphine-modified 
Co(II) catalyst by Stanley and co-workers 
(21). As illustrated in Fig. 1B, under the same 
conditions, the unmodified Co(I) catalyst 
afforded very similar activities to those of 
the phosphine-coordinated Co(II) catalyst. A 
first-order exponential fit to the decay of 
1-hexene provided a k,,; of 0.0202 min’ 
(adjusted coefficient of determination R? of 
0.9988) and an initial TOF = 15.5 min’ at the 
second minute. Compared with the aldehyde 
yields of 71.3 and 51.7% reported after 1 hour 
with the Co(II) catalyst, the 1-hour-yield of 
aldehyde was 56.5%, with a //b ratio of 1.5 (1.3 
for the Co(II) system). A total of 74.1% of olefin 
was converted to aldehyde with our unmodified 
catalyst after 2 hours. 

An absolutely unexpected result is that the 
cationic Co(ID catalysts Co4 and Co6 (Fig. 3), 
which we synthesized by the procedure of 
Stanley and co-workers, have extremely low 
activity under the published conditions (table 
$2). Co4 and Co6 (preparation procedure 
and analytic data are in the supplementary 
materials) are two of the same pre-prepared 
cationic cobalt catalysts consisting of a Co(II)- 
center coordinated by a bisphosphine ligand 
reported by Stanley’s group (27). Figure S33 
illustrates a direct comparison of the hydro- 
formylation performances using Co4 and the 
unmodified Co(acac), as the catalyst precur- 
sor, respectively. For the sake of comparison, 
the substrate and solvent applied were the 
same as in Stanley’s work. Concerning the 
temperature effect on preformation rate (see 
discussion in the following paragraph), we 
applied a preformation period of 100 min 
under 50bar of syngas at 160°C to ensure that 
the catalyst was fully activated. The reaction 
mixture was then cooled to 140°C before 
olefin was injected. Only 3.1% of 1-hexene was 
converted to aldehyde after 20 hours. Attribut- 
ing the inactivity to the long incubation period 
does not seem convincing, as this catalyst was 
reported to be exceptionally stable under the 
same conditions, according to that publication. 
The inactivity of this bisphosphine-modified 
cobalt catalyst is, however, in good accordance 
with our findings about the ligand effect (table 
S15 and fig. S34). For substrates other than 
1-hexene—for example, 1-octene—the poor ac- 
tivity of this Co(II) cationic precatalyst is 
shown in comparison with the in situ-formed 
modified cobalt system with the same ligand 
(entries 6 to 7, table S15). 

Concrete evidence for the formation of 
HCo(CO), from the precursors Co(acac), and 
Col was provided by in situ IR experiments 
that monitored the catalyst preformation at 
160°C. Each precursor was studied in two 
autoclaves of different volumes, which were 
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Fig. 2. In situ IR spectroscopic investigation of unmodified cobalt carbonyls. (A) Time-resolved IR 
spectra of preformation and prolonged stability test of HCo(CO),4. Conditions: 5 mM Co(acac)z in tetraglyme 
(285 ppm cobalt), 10 mM diphenyl carbonate as internal standard, 140°C, 50 bar syngas (H2:CO = 1:1). 
Bands at v = 2023 and 2050 cm” are assigned to HCo(CO)4, and v = 2067 cm to Co2(CO)g. (B) Stability 
test of HCo(CO), at a low syngas pressure. Conditions: 2.5 mM Co2(CO)g in n-dodecane ([Co] = 5 mM), 
140°C, 20 bar syngas. (C) IR spectra of preformation of HCo(CO), in a 200-ml autoclave. Conditions: 5 mM 
Co(acac)2 in 1,4-dioxane (285 ppm cobalt), 10 mM diphenyl carbonate (v(CO) = 1784 cm”) as internal 
standard, 160°C, 50 bar syngas. Bands at v = 2023 and 2051 cm” are assigned to HCo(CO),4, 1850 and 
2067 cm! to Co2(CO)s, 1516 and 1591 cm” to acac’. (D) Single-component spectra extracted from 

(B) by Peak Group Analysis (PGA) (38, 39). (E) Concentrations of components observed during (B). 

(F) Concentrations of species formed in the stability test of HCo(CO), under 20 bar of syngas at 160°C. 
Conditions: 2.5 mM Co2(CO)g in n-dodecane ([Co] = 5 mM). Corresponding time-resolved IR spectra and 
single-component spectra extracted by PGA are in the supplementary materials. 


Table 2. Hydroformylation of internal and branched olefins with Co(acac)2 in 1,4-dioxane. 
Conditions: 1 mM catalyst (61 ppm cobalt), 1 M substrate, 30 bar syngas (H2:CO = 1:1). Catalyst was 
preformed at 140°C, 30 bar syngas for 2 hours before olefin injection. 


P(bar) Aldenyae (2) | n-Aldenyde (7%) |Ateohol (%) 
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Fig. 3. Structures of the cobalt catalyst precursors in this study. 


connected via capillaries to a high-pressure 
transmission Fourier transform infrared (FTIR) 
cell. The reaction solution was circulated by a 
microgear-pump between the reactor and FTIR 
cell, the latter of which was heated at a tem- 
perature of 120°C for protecting the window 
material during the measurement (for details, 
see fig. S21). Rate of formation of HCo(CO), 
proved very sensitive to temperature. Despite 
good thermal insulation, temperature differ- 
ences between the solution inside the auto- 
clave and in the measuring periphery were 
unavoidable. Therefore, the real reaction tem- 
perature in the large reactor (200 ml with 45 ml 
of solution) was higher than in the small one 
(25 ml with 15 ml of solution), given that the 
volume ratio between reactor and periphery is 
greater for the former. Consequently, whereas 
no formation of HCo(CO), was traced until 
1 hour of reaction time in the small scale auto- 
clave (50-bar syngas, 160°C), in the large re- 
actor, where the aforementioned kinetic studies 
were carried out, catalyst preformation from 
both precursors was fully complete within 
20 min. Two characteristic carbonyl bands 
of HCo(CO),, v(CO) = 2024 and 2050 cm™’, 
were observed in the IR spectra. Co2(CO)g was 
detected at the outset (bands at v(CO) = 1850, 
2038, and 2067 cm”’), and then its concen- 
tration decayed rapidly until it became un- 
detectable after 6 min (Fig. 2C). By contrast, 
carbonyl bands of Co.(CO), were always pres- 
ent after the catalyst activation in the small 
reactor, although indicative of relatively low 
concentrations in comparison to HCo(CO),. 
The catalyst formation process, as well as rel- 
ative concentrations of these two species, is 
illustrated in fig. S24. Apparently, at lower tem- 
perature, the equilibrium between HCo(CO), 
and Co.(CO)g was shifted to the direction of 
the dimer. 
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We did not observe any decomposition of 
HCo(CO), in the course of preformation under 
the applied conditions. In a stability test mon- 
itored with in situ IR spectroscopy at a cobalt 
loading of 5 mM [285 parts per million (ppm)] 
and 50-bar syngas (25 bar of which was CO 
partial pressure), the concentration of this 
active species did not decrease in the first 
5 hours, 72% of which remained after 115 hours 
at 140°C (Fig. 2A and fig. S30). Even under 
20-bar syngas we recorded the concentration 
of this active species formed from Co,(CO)s; in 
n-dodecane during a time span of 20 hours at 
the same temperature (Fig. 2E). No decline in 
concentrations of HCo(CO), and Co,(CO), 
was observed. The two compounds coexisted 
in the solution in a steady-state equilibrium 
after the preformation was accomplished, in 
which the active catalyst, HCo(CO),, domi- 
nated in about 80.5% of total cobalt concen- 
tration (table S13). The common decomposition 
product Co,(CO),. due to insufficient CO/H2 
pressure was not observable. This result ac- 
counts for the reliability of the hydroformyla- 
tion catalysis at 30- to 50-bar syngas and 140°C. 

To ascertain the threshold of HCo(CO), 
stability, we monitored catalyst preformation 
at 20-bar syngas and 160°C, starting from Co, 
(CO)g (Fig. 2F). Substantial decomposition of 
both HCo(CO), and Co.(CO)gs occurred under 
such conditions. Owing to insufficient CO par- 
tial pressure, Co,(CO), was, as expected, to a 
small extent further converted to the Co4(CO),o 
cluster. The highest concentration of the latter 
was 0.18 mM. The overall loss of soluble cobalt 
species, including Co.(CO)s, HCo(CO),, and 
Co4(CO),., was about 59% after 21 hours, which 
means that starting from a solution of cobalt 
concentration of 5 mM, only 2 mM of cobalt 
was left in the homogeneous phase after the 
experiment. Thus, the unmodified cobalt cata- 
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lyst, while remaining stable at 20-bar syngas 
and 140°C, cannot preserve its structure when 
the temperature is raised to 160°C. A higher 
CO partial pressure is required to sustain cat- 
alytic activity. As is shown in figs. S29 and S31, 
when the syngas pressure was increased to 
50 bar, a stable catalyst system resulted, with a 
concentration of HCo(CO), of 4.9 mM (table 
S11). We have in this way preliminarily dis- 
cerned the threshold of the reaction conditions 
that can stabilize the active species in the 
phosphorus-free cobalt-based catalyst system. 
This result accounts for the findings of Bourne 
and co-workers (24), in which propylene was 
converted to aldehyde in the presence of 7.3 mM 
Co.(CO)g under 35-bar syngas (H2:CO = 2.5:1) at 
110§, 130° and 150°C, respectively. Unmodified 
cobalt carbonyl is not only active under such 
mild conditions for a short period but can also 
retain a long-term stability. These observations 
underpin the fact that the stability and feasibil- 
ity of this classic catalyst has been considerably 
underestimated. 

On the basis of these stability tests, we ex- 
plored hydroformylation of three sterically 
hindered internal olefins under 30 bar of syngas 
at 140°C with the unmodified cobalt carbonyl 
complex. The results (Table 2) show that HCo 
(CO), remained stable and active for 20 hours of 
reaction time, affording 100% linear selectivity 
for the branched 2,4,4-trimethyl-2-pentene and 
2,3-dimethyl-2-butene substrates (entries 1 and 
3, Table 2). 

It is well accepted that electron-rich phos- 
phine ligands enhance cobalt back-bonding 
to carbonyl, inhibiting CO dissociation and 
therefore the rate of hydroformylation (2, 13). 
We compared the yields of aldehyde produced 
from hydroformylation of 1-octene when varied 
quantities of DPPE (1,2-bis(diphenylphosphino) 
ethane) were added along with the Co(acac). 
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catalyst precursor. An immediate decline of 
the activity was not observed. By contrast, we 
found a slight promoting effect of bisphos- 
phines on the hydroformylation activity (fig. 
$34). This phenomenon was also confirmed 
by our further catalytic tests with other pre- 
cursors (table S15). Regardless of whether the 
presynthesized catalyst Co3, with a phosphorus- 
cobalt ratio of 0.23 (for preparation, see the sup- 
plementary materials), or its in situ-generated 
equivalent was used, higher yields of aldehyde 
were observed when compared with the un- 
modified catalyst (entries 1 to 4, table S15). 
This effect was reversed when the P/Co ratio 
was increased to 0.9 (fig. S34). We attribute 
this promotion of activity to an operative effect 
of two catalytic species, HCo(CO)4 and HCo 
(CO).(DPPE), which coexisted in solution at 
a low phosphorus loading. An increase in the 
amount of phosphine resulted in a dominat- 
ing population of P-modified cobalt carbonyl, 
hampering catalytic activity. Frediani and co- 
workers reported similar observation from 
hydroformylation of 1-hexene with Co.(CO)gL2 
(L, alkyl phosphines) in the presence of free 
ligand, under 5 bar of CO and 40 bar of H, at 
150°C (20). 

The insights here into the stability of un- 
modified cobalt carbonyls motivate further 
study for application of this catalyst. 
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SOLAR CELLS 


Transporting holes stably under iodide invasion 
in efficient perovskite solar cells 


Tao Wang’? Yao Zhang’, Weiyu Kong’, Liang Qiao’, Bingguo Peng”, Zhichao Shen’, 


Qifeng Han’, Han Chen’, Zhiliang Yuan’, Rongkun Zheng®, Xudong Yang 


1,2,3% 


Highly efficient halide perovskite solar cells generally rely on lithium-doped organic hole transporting 
layers that are thermally and chemically unstable, in part because of migration of iodide anions from 
the perovskite layer. We report a solution strategy to stabilize the hole transport in organic layers 

by ionic coupling positive polymer radicals and molecular anions through an ion-exchange process. The 
target layer exhibited a hole conductivity that was 80 times higher than that of the conventional lithium- 
doped layer. Moreover, after extreme iodide invasion caused by light-soaking at 85°C for 200 hours, 
the target layer maintained high hole conductivity and well-matched band alignment. This ion-exchange 
strategy enabled fabrication of perovskite solar cells with a certified power conversion efficiency of 
23.9% that maintained 92% under standard illumination at 85°C after 1000 hours. 


etal halide perovskite solar cells (PSCs) 

with high power conversion efficiencies 

(PCEs) generally incorporate lithium 

salt-doped organic hole transporting 

layers (HTLs) (/-4) that can cause se- 
vere device instability issues (5, 6). For exam- 
ple, the hygroscopic lithium salts can cause 
moisture invasion, migration of small Li* ions 
into perovskite, and irreversible device degra- 
dation (7-10). Inorganic HTLs and dopant-free 
HTLs offer great enhancements in stability but 
have failed to compete with the doped HTLs for 
the most efficient PSCs. 

An additional stability issue arises from the 
intrinsic soft nature of the perovskites that 
allows volatile iodide components to enter 
charge-transporting layers (11, 12). Iodide can 
interact with the positive radicals in HTLs and 
induce rapid degradation in both hole con- 


ductivity and interfacial band alignment, espe- 
cially for the most efficient PSCs that rely on 
doped organic HTLs (3, 4, 6, 13-16). Although 
iodide blocking barriers and interface engi- 
neering are promising strategies to hinder the 
iodide invasion (11, 12), these approaches 
have not been reported to block both Li* 
migration and iodide invasion completely. 
Thus, it is highly desirable to find a Li-free doping 
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Fig. 1. Degradation of Li-HTL and HFDF-HTL under iodide invasion. (A and 
B) 2D TOF-SIMS elemental mapping of I signals in Li-HTL (A) and HFDF-HTL 
(B) after aging. TC, total counts. (© and D) xy-plane surface potential 
mapping images of Li-HTL/perovskite (C) and HFDF-HTL/perovskite (D) 
before (top) and after (bottom) aging. Pero, perovskite. (E and F) Variations 
in the surface conductivity of Li-HTL/perovskite (E) and HFDF-HTL/perovskite 


(F) before (top) and after (bottom) aging. The devices were all aged at the 
maximum power point under light-soaking (AM1.5G, 100 mW cm”) for 
200 hours at 85°C. TUNA, tunneling AFM. (G and H) The current-voltage 
curves of Li-HTL (G) and HFDF-HTL (H) before and after spin-coating 

with 0.01 and 1 mmol liter FAI solution in acetonitrile at a speed of 

5000 rotations per minute (rpm). 


strategy that can stabilize the hole transport 
under mass iodide entry. 

We report a solution strategy to stabilize 
the hole transport in Li-free organic layers by 
coupling positive polymer radicals and mo- 
lecular anions through an ion-exchange pro- 
cess (see methods for details). The molecular 
anion of 1,1,2,2,3,3-hexafluoropropane-1,3- 
disulfonimide (HFDF ) (fig. S1) was exchanged 
into poly(triarylamine) (PTAA) films and 
termed HFDF-HTL (fig. $2). HFDF has not 
been used as a noncoordinating ion in a p-type 
organic semiconductor, as far as we know. We 
also chose bis(trifluoromethane)sulfonimide 
lithium salt/4-tert-butylpyridine (LiTFSI/tBP)- 
doped poly(triarylamine) (Li-HTL) as a refer- 
ence HTL that is generally used for highly 
efficient PSCs and offers better stability than 
LiTFSI/tBP-doped 2,2',7,7'-tetrakis(V,N-di-p- 
methoxyphenylamine)-9,9'-spirobifluorene (Li- 
Spiro-OMeTAD). 

The target Li-free-doped HTL, HFDF-HTL, 
increased hole conductivity to a value 80 times 
greater than that of the conventional lithium 
salt-doped HTLs, had a favorable energy-level 
alignment at the HTL/perovskite heterojunc- 
tion, and achieved a high conductivity on fresh 
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HFDF-HTL after a few minutes versus the con- 
ventional Li-salt doping method that generally 
takes several hours or days. Under the mass 
invasion of iodide, hole transport was stabi- 
lized through the ionic coupling of positive 
polymer radicals with introduced molecular 
anions. Furthermore, hole transport through 
organic layers withstood thermal stress at tem- 
peratures up to 120°C. These results helped us 
obtain efficient and stable PSCs that achieved a 
certified PCE of 23.9% and maintained 92% 
after operation at the maximum power point 
under AML1.5G solar light (100 mW cm”) at 
85°C after 1000 hours. 

We studied the electronic properties of 
the aged HTLs in PSCs, with a structure of 
fluorine-doped tin dioxide (FTO)/SnO,/SnO./ 
formamidinium-based perovskite/HTL/Au, 
that suffered severe iodide invasion after light- 
soaking at 85°C for 200 hours. The iodide 
invasion into the aged HTLs, as studied by 
time-of-flight secondary ion mass spectrome- 
try (TOF-SIMS) chemical imaging (Fig. 1, A 
and B), showed high concentrations of I" ions 
distributed over the aged HTLs. The compo- 
sitional depth profiles of the aged PSCs further 
revealed that the iodide invasion started from 


the perovskite/HTL interface (fig. S3). The sur- 
face potential measured with Kelvin probe 
force microscopy (KPFM) (Fig. 1, C and D) of 
the T-rich Li-HTL decreased from an initial 
92 mV to a final -678 mV. By contrast, the sur- 
face potential of the T-rich HFDF-HTL has a 
much smaller decrease from 202 to 102 mV, 
and the decreased value was nearly one-eighth 
that of the I -rich Li-HTL, exhibiting astonish- 
ing durability of HFDF-HTL under iodide 
invasion during the heat and light aging test. 
We also characterized the electronic struc- 
ture of I’ -rich HTLs with ultraviolet photo- 
electron spectroscopy (UPS). The Fermi level 
of the T-rich Li-HTL in aged devices sharply 
changed from -4.96 to -4.02 eV (fig. S4), 
which reflected n-doping caused by iodide 
migration during the entire aging process. 
However, only a slight change from —5.12 to 
-4.97 eV in the Fermi level of I--rich HFDF- 
HTL was found after the aging test. 

The variation of electronic conductivity of 
T-rich HTLs of aged PSCs was measured with 
conductive atomic force microscopy (AFM) 
(Fig. 1, E and F). The average electric current 
of T-rich Li-HTL quickly decreased from the 
initial 0.76 to 0.43 nA and maintained only 
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Fig. 2. Li* and radical content and charge transport properties of Li-HTL 
and HFDF-HTL. (A) Mapping of TOF-SIMS signals of Li* cations in Li-HTL and 
HFDF-HTL. (B) ESR spectra of Li-HTL and HFDF-HTL before and after treatment 
with 0.01 mmol liter? FAI solution. The inset shows a zoomed-in view of the 
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low-intensity region. (© and D) The optical absorbance (C) and Raman spectra 
within the range of 1550 to 1670 cm™ (D) of the undoped HTL, Li-HTL, and 
HFDF-HTL. (E and F) Steady PL spectra (E) and TRPL decay profiles (F) of 
perovskite films with and without the different doped HTLs. a.u., arbitrary units. 
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Fig. 3. Hole-related properties of the pristine and different doped HTLs. 
(A) ESR spectra of the undoped HTL, Li-HTL, and ion-exchanged HTLs with 
different lithium salts. The inset shows a zoomed-in view of the low-intensity 
region. (B) Variations in the electrical conductivity of the different HTLs. 

The error bars in the conductivity represent the standard deviation. (C) The 
Xy-plane work function mapping images of the different HTLs. The surface work 
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function (WF) was calibrated by Au foil. (D) Energy-level diagrams for the 
different HTLs and the perovskite layer based on the parameters derived from 
UPS spectra. CBM, conduction band minimum; VBM, valence band maximum. 
(E and F) The current-voltage curves of the different HTLs after annealing at 
120°C for 1 day (E) and after spin-coating with 0.01 mmol liter? FAI acetonitrile 
solution at a speed of 5000 rpm (F). 
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57% of the initial conductivity. In compar- 
ison, I -rich HFDF-HTL exhibited a stable 
performance with an initial value of 38.6 nA, 
which was ~50 times greater than that of the 
fresh Li-HTL, and the aged sample maintained 
96% of the initial conductivity (36.9 nA). The 
conductivity of I’-rich HTLs was further in- 
vestigated under the same iodide concentra- 
tions, which were aged through direct injection 
of formamidinium iodide (FAI), a common 
volatile perovskite component, into the layer 
by spin-coating. The conductivity of T-rich 
Li-HTL decreased by 50% at the FAI concen- 
tration of 0.01 mmol liter”! (Fig. 1G), whereas 
the conductivity of I--rich HFDF-HTL re- 
mained at 97% under the same conditions 
(Fig. 1H). 

We characterized the compositions of HTLs, 
especially the positive polymer radicals that 
can determine their conductivity. In Fig. 2A, 
Li-HTL was fully occupied by Li* signals, 
whereas only negligible Li* signals were ob- 
served in HFDF-HTL. We also confirmed the 
absence of Li* cations in HFDF-HTL by high- 
resolution x-ray photoelectron spectroscopy in 
fig. S5. From TOF-SIMS two-dimensional (2D) 
elemental mapping (fig. S6A) and composi- 
tional depth profiles (fig. S3B), we observed 
that HFDF’ anions were distributed through- 
out the layer. TOF-SIMS signals of the anions 
of initiating dopant 2,3,5,6-tetrafluoro-7,7,8,8- 
tetracyanoquinodimethane (F4TCNQ) were 
negligible in HFDF-HTL (fig. S6B), indicat- 
ing that F4TCNQ anions were efficiently ex- 
changed with HFDF’ and then removed during 
the spin-coating and washing process. We 
further verified the ion exchange for HFDF~ 
according to the absence of the F4TCNQ™ 
anions in the ion-exchanged HTL by Fourier 
transform infrared and Raman spectroscopy 
(figs. S7 and S8) (17). The positive polymer 
radicals were characterized by electron spin 
resonance (ESR) spectroscopy, which showed 
a stronger signal from HFDF-HTL than from 
Li-HTL (Fig. 2B), confirming the formation 
of a high concentration of polymer radicals 
in HFDF-HTL (/8). 

After being aged under iodide invasion, the 
positive polymer radicals in Li-HTL samples 
were almost entirely quenched, whereas HFDF- 
HTL maintained 95.5% of the original value 
deduced from the second integral of the ESR 
derivative curves (19). By observing the bleach- 
ing of the neutral absorption of HTL at 376 nm 
and swelling of the new absorption of polymer 
radicals at ~500 nm, an increase in polymer 
radicals in HFDF-HTL through ion exchange 
was further verified (Fig. 2C) (20). The Raman 
peak positions of the C=C stretching in con- 
jugated polymers shifted to lower frequencies 
(Fig. 2D), indicating higher effective conju- 
gation length and planarization of charged 
chains (27). The density functional theory (DFT) 
calculation (fig. S9) results supported the ob- 
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Fig. 4. Structure, photovoltaic performance, and long-term stability studies of the PSCs with Li-HTL or 
HFDF-HTL. (A) Cross-sectional scanning electron microscopy image of the PSCs. (B) Current density— 
voltage characteristics of the best-performing n-i-p devices with the different HTLs. (C) Long-term moisture 
stability of the Li-HTL- and HFDF-HTL-based devices under simulated AM1.5G radiation (100 mW cm”) 

in the air (~50% RH) without encapsulation. The shaded regions represent standard deviations from 

the average PCE obtained from eight aged cells. The insets show pictures of the devices after aging for 
576 hours. (D) Long-term operational stability for the most-stable encapsulated devices among eight aged 
cells with the different HTLs under AML.5G illumination (100 mW cm”) and heat stress at 85°C. 


servation by Raman spectroscopy, in that the 
dihedral angles between bridging benzene 
rings of neutral and one and two positively 
charged triarylamine dimers were 143.7°, 172.4°, 
and 178.0°, respectively. The experimental ob- 
servations of the electronic performance and 
compositions of HTLs show that the invaded 
T ions reduced the positive polymer radicals 
and caused degradation in hole conductivity 
for conventional Li-HTL. By contrast, the hole 


transport was well protected against the iodide 
invasion in HFDF-HTL. 

We found that HTLs doped with only 
F4TCNQ or lithium salts had no obvious en- 
hancement of polymer radicals (fig. S10). For 
HFDF-HTL that was formed through an ion- 
exchange process with LiIHFDF or KHFDF, 
both HTLs exhibited a similar electronic con- 
ductivity (fig. S11), indicating that the HFDF- 
HTLs are less sensitive to Li* or K* cations. In 
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addition, we found that HFDF-HTLs that were 
formed through the ion-exchange method 
had a higher radical doping effect than those 
fabricated by immersion from the observa- 
tions of higher characteristic absorption at 
~500 nm and much higher conductivity (fig. 
$12). The spin-coating drop by drop could pro- 
vide fresh dopant solution continuously for 
ion-exchange processing and lead to a high- 
speed washing effect that cleared away some 
by-products. We also assessed the morpho- 
logical change of HTL after doping by AFM 
(fig. S13). Pinholes were observed in Li-HTL, 
whereas the surface of HFDF-HTL was 
dense and uniform over the perovskite layer 
(fig. S14). 

The effect of different doping strategies on 
the band alignment of HTLs was further eval- 
uated (fig. S15). The Fermi level deduced from 
the value of high-binding-energy cut-off down- 
shifted from -4.72 eV for undoped HTL to 
-4.96 eV for Li-HTL and —5.12 eV for HFDF- 
HTL, suggesting that the ion-exchange strat- 
egy enabled more-efficient p-type doping. The 
valence band maxima of Li-HTL and HFDF- 
HTL were estimated to be —5.22 and —5.30 eV, 
respectively, gradually approaching the value 
of perovskite film (fig. S16). The band align- 
ment of HFDF-HTL reduced the energy loss 
during charge transfer and increased the open- 
circuit voltage (Voc) (22). 

We performed steady-state photolumines- 
cence (PL) spectroscopy and time-resolved 
photoluminescence (TRPL) spectroscopy to 
study the charge transfer kinetics between 
perovskite and the different HTLs (Fig. 2, E 
and F). Table SI summarizes the lifetime of the 
decay curves fitted by bi-exponential compo- 
nents using the equation Y = A,exp(-t/t,) + 
Agexp(-t/t2), where fast decay lifetime t, and 
slow decay lifetime t, are related to trap- 
assisted nonradiative and radiative recom- 
bination, respectively (23). For undoped HTL, 
the PL intensity and lifetime did not fall off 
noticeably, indicating a relatively inefficient 
carrier extraction process without doping (fig. 
S17) (24). The conventional doping strategy 
exhibited a limited PL quenching effect for 
Li-HTL, whereas a steady PL spectrum was 
almost completely quenched for HFDF-HTL 
(Fig. 2E). The fitted PL lifetimes (1, and 12) of 
perovskite film deposited on bare quartz glass 
of 56 and 1160 ns, respectively, were shortened 
more for HFDF-HTL (25 and 230 ns) compared 
with Li-HTL (54 and 382 ns) (Fig. 2F), indi- 
cating that photogenerated charges were trans- 
ferred more sufficiently for HFDF-HTL. 

We applied the ionic coupling between 
anions and polymer radicals with the ion- 
exchange process to more molecular cations 
(fig. S1)—such as tetrafluoroborate (BF, ), 
hexafluorophosphate (PF, ), and bistrifluoro- 
methanesulfonimidate (TFSI )—for the for- 
mation of HTLs with enhanced conductivity 
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and stability. The ESR and optical absorbance 
spectra show that the formation of polymer 
radicals was greatly enhanced in the order of 
HFDF-HTL, TFSI-HTL, PF,-HTL, and BFy-HTL 
(Fig. 3A and fig. S18), indicating that these 
molecular anions preferentially couple with 
the positive polymer radicals. The ionic cou- 
pling between anions and radicals was further 
evaluated with DFT calculations based on the 
energetic gain (figs. S19 and S20 and tables 
$2 to S4), which showed that HFDF’ anions 
were more energetically favorable to couple 
with polymer radicals than TFSI followed by 
PF, and BF, , hence higher ion-exchange 
efficiency and polymer radical concentration. 

We measured the conductivity and hole mo- 
bility of the different HTLs (figs. S21 and S22). 
HFDF-HTL exhibited the highest electrical 
conductivity (Fig. 3B) followed by TFSI-HTL, 
PF,-HTL, BF,-HTL, and then Li-HTL. The con- 
ductivity of HFDF-HTL, which reached a value 
of 5.08 x 10° S cm, was ~80 times higher 
than that of Li-HTL (table S5). HFDF-HTL also 
exhibited the highest hole mobility (fig. S23), 
which increased by nearly six times compared 
with that of Li-HTL (table $6). The exact distri- 
bution of charge carriers on the ion-exchanged 
HTLs and how their interaction with coun- 
terions affects electronic mobility pend further 
study. We further verified the work function in 
the different HTLs by KPFM (Fig. 3C). The 
energy band alignment of the different HTLs 
and the perovskite film (Fig. 3D) shows that 
HFDF-HTL had an optimal energy-level align- 
ment at the HTL/perovskite interface. 

The thermal stability of the HTLs was eval- 
uated by measuring the conductivity before and 
after annealing at 80° or 120°C for 24 hours 
(figs. S24 and S25). The resulting current- 
voltage curves of the various HTLs annealed at 
120°C showed that the thermally aged HFDF- 
HTL maintained 95% of the initial conductiv- 
ity (Fig. 3E). The conductivity of Li-HTL films 
was reduced to 55% of initial values after heat- 
ing at 120°C, possibly because of the undesired 
volatilization of tBP molecules and spontane- 
ous aggregation of LiTFSI (25). By contrast, 
ion exchange improved the thermal stability 
in TFSI-HTL, maintaining 83% of the initial 
conductivity. The thermal stability of the con- 
ductivity was also consistent with the results 
of the DFT calculation on the cohesive energy 
(figs. S9B, S20, and S26 and tables S7 to S9), 
which indicated that the ionic coupling be- 
tween anions and polymer radicals required a 
large activation energy for the ion decoupling 
under thermal stress (26, 27). 

The stability of HTLs under iodide invasion 
shows that the aged HFDF-HTL maintained 
the highest conductivity (Fig. 3F and figs. S26 
and S27), followed by the aged TFSI-HTL, PF¢- 
HTL, BF,-HTL, and then Li-HTL. Previous 
research reported that the diffusion of iodide 
ions from perovskite can reduce the oxidized 


HTLs (28, 29). Both the thermal and chemical 
stability indicated that the ionic coupling be- 
tween HFDF' anions and positive polymer rad- 
icals is energetically favorable and stabilizes 
the hole conductivity in HTLs against the 
reduction effect from the invaded iodide. 
Moreover, HFDF-HTL also enabled enhanced 
moisture stability of perovskite through its 
hydrophobicity. The contact angle of water 
on Li-HTL was 62.2° but was 85.0° for HFDF- 
HTL (fig. $29), which lacked hygroscopic Li* 
cations. During an aging test in the air with a 
relative humidity (RH) of ~50% for 500 hours, 
the HFDF-HTL/perovskite film exhibited a 
stable crystal structure as determined from 
x-ray diffraction (fig. S30). 

An n-i-p planar heterojunction PSC fabricated 
with HFDF-HTL (Fig. 4A) achieved a maximum 
PCE of 24.0%, with a Voc of 1.14 V, a short- 
circuit current density (Jgc) of 25.2 mA cm”, 
and a fill factor (FF) of 83.7% (Fig. 4B and 
table S10). By contrast, the Li-HTL-based de- 
vices only obtained a maximum PCE of 20.5% 
with a Voc of 1.09V, aJgc of 24.8 mA cm, and 
a FF of 76.0%. The statistical analysis of the 
device performance with the different HTLs 
demonstrated that the HFDF-HTL-based de- 
vices exhibited superior performance to other 
devices we tested for all photovoltaic metrics 
(fig. S31). The improvement in device per- 
formance could be attributed to the high hole 
conductivity and well-matched band align- 
ment (23, 30). 

The best device further performed max- 
imum power point tracking with a voltage of 
1.00 V (fig. S32). The photocurrent stabilized at 
~23.9 mA cm”, corresponding to a stabilized 
PCE of 23.9%. We sent one of our best target 
PSCs to an accredited independent photo- 
voltaic test center for certification. The device 
obtained a certified PCE of 23.9% with a Voc 
of 1.15 V, a Jgc of 25.1 mA cm”, and a FF of 
83.0% (fig. S33) and compared favorably to 
other reported Li-free PSCs to date (table S11). 
Our results also established advantages of 
HFDF compared with the conventional lithium 
and/or cobalt salts for hole transport (table 
$12). We further applied the ion-exchange 
strategy to other polymeric HTLs (fig. $34), 
such as poly(3-hexylthiophene-2,5-diyl) (P3HT) 
and poly-{2,1,3-benzothiadiazole-4,7-diyl[4,4- 
bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4- 
b’]dithiophene-2,6-diyl]} (PCPDTBT), and their 
devices also showed enhanced Voc and FF. 

We performed the device stability test to 
investigate the durability of photovoltaic cells 
under moisture or combined heat and light. 
The nonencapsulated HFDF-HTL-based device 
retained nearly 90% of its initial performance 
after the aging test for 576 hours under simu- 
lated AM1.5G radiation (100 mW cm”) in 
ambient air (~50% RH) (Fig. 4C). By contrast, 
the control devices with Li-HTL rapidly lost 
60% of their initial PCE under the same aging 
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conditions after only 100 hours. The oper- 
ational stability of PSCs under heat and light 
stress was conducted under full-spectrum sun- 
light at 85°C (Fig. 4D). For the control cell with 
Li-HTL, a 49% drop in PCE was observed after 
continuous operation for 1000 hours, whereas 
the devices with HFDF-HTL maintained 92% 
of their initial PCE over the same aging period 
and still performed with a PCE of 21.2%. 
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WORKING LIFE 


By Nico Eisenhauer 


1234 


A walk in the office 


s my head bobbed up and down on the Zoom screen, private messages began to pour in from my 
colleagues: “What are you doing there?” “Are you sitting on a ball?” “Are you walking?” I could feel 
their eyes on me—inquiring, interested, confused. Clearly, this was not a normal faculty meeting. 
I replied that I was walking on my new underdesk treadmill. I was trying to combat the stagna- 
tion that had enveloped my workdays during the pandemic. It was an unusual solution, I knew. 
But I hoped my colleagues would accept it, and maybe even find their own ways to get moving. 


I didn’t have to worry about 
workday inactivity earlier in my 
career. As a graduate student and 
postdoc, I went on frequent field 
excursions to collect soil samples 
in remote and rugged places. The 
fieldwork was physically chal- 
lenging, a contrast to the lab 
tasks and desk work that were 
also part of my job. But when I 
started my position as a profes- 
sor, fieldwork became a rarity. 

During the pandemic the situ- 
ation grew worse. My schedule 
filled up with one online meeting 
or seminar after the next. In the 
past, I had maintained at least 
some activity during my workday 
by walking or biking to meeting 
and seminar rooms spread across 
the city. But now that meetings 
were virtual, I “traveled” to them 
without budging from my desk. 

Although I had the luxury 
of a height-adjustable desk, which gave me the option 
to stand, I still felt stagnant and unbalanced, and I be- 
gan to experience back pain. I tried recommendations for 
desk-bound workers, such as taking regular breaks and 
being physically active before and after work, but they 
weren’t enough. 

At home, I had occasionally tried to work on my wife’s 
treadmill, which I had repurposed by putting a wooden 
board across the handles and my laptop on top. I thought 
that might be just what I needed in my campus office, so 
I bought a treadmill that’s designed to go under a desk. I 
decided to dive in headfirst and spend my entire workday 
on the treadmill. It took me a couple of days to adjust, but 
IT eventually got the hang of typing while walking. For me, 
the key to success was to keep going and to learn by doing. 

More recently, I have even started to give talks and lec- 
tures while walking. This was challenging at first, but I’m 
now used to speaking on a treadmill. I’ve noticed that I 
gesture more freely, which results in a more lively pre- 


“|was trying to combat the 
stagnation that had enveloped 
my workdays.” 


sentation. I do stop the treadmill 
for the Q&A session, because my 
footsteps can make it difficult to 
hear the questions. I also find 
that it’s easier to think on the 
spot when I’m not walking. 

But otherwise, when I’m at my 
desk, I spend nearly all of my 
working hours in motion. In the 
first couple of weeks, I was a bit 
exhausted when I got home at 
night. But over time, I developed 
more stamina. My back pain 
went away and I came to enjoy 
the time at my deskK—so much so 
that when I started to travel for 
conferences again, I missed my 
daily routine of walking. 

And I needn’t have worried 
about my colleagues’ reactions. 
Except for one person who felt 
distracted by my movements on 
Zoom, most of the scientists I 
work with have sent me positive 
and reassuring feedback. Some have even bought tread- 
mills of their own. That’s helped me feel less self-conscious 
about my movement during meetings. I’ve also come to 
view my walking as a way to silently communicate a cru- 
cial message to my colleagues: There are ways to stay ac- 
tive despite remote working and online meetings. 

Not everybody can afford a stand-up desk and treadmill 
for their office. But there are easy and inexpensive alterna- 
tive options. For instance, you could go for walks during 
phone calls, or you could set up a stand-up desk using 
materials you already have. During my time as a postdoc, 
I did that by propping up my laptop on a diaper box on top 
of the dishwasher. Be creative: Your physical and mental 
health depends on it. 


Nico Eisenhauer is a research group head at the German Centre for 
Integrative Biodiversity Research (iDiv) and a professor at Leipzig 
University. Do you have an interesting career story to share? Send it 
to SciCareerEditor@aaas.org. 
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range of disciplines including computer science, 
artificial intelligence/machine learning, protein 
engineering, nanotechnology, genomics, parasitology 
and tropical medicine, neurodegenerative diseases, 
and gene editing. 


Application deadline: Oct. 1, 2022. 


For more information visit: 
www.michelsonmedicalresearch.org 


#MichelsonPrizes 
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“The Michelson Philanthropies & Science 
Prize for Immunology will greatly impact 
my future work. As | am just starting my 
scientific career, it will illuminate my work, 
spark interest and support me to continue 
my research in this field.” 


Paul Bastard, MD, PhD, 
Laboratory of Human Genetics 
of Infectious Diseases, Imagine 
Institute (INSERM, University of 
Paris), Paris, France; and The 
Rockefeller University, New York. 


Dr. Bastard received the inaugural 
Grand Prize for his essay: “Why 
do people die from COVID-19: 
Autoantibodies neutralizing type 

| interferons increase with age.” 


GRAND PRIZE: 
$30,000 


FINALIST PRIZE: 
$10,000 


